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PREFACE 


Architectural acoustics is beginning to receive the attention it has 
long deserved. The past thirty years have been characterized not 
only by a remarkable growth in the scientific and technologic aspects 
of the subject, but also by a substantial expansion in the construction 
of buildings which have been designed in accordance with the newer 
knowledge of architectural acoustics. The outcome in some of these 
buildings has been highly satisfactory; in others it has been disappoint¬ 
ing. This is typical of nearly all new developments in technology; 
and it is attributable, in the main, to an insufficient knowledge of the 
subject, to an imprudent choice of materials, or to an inadequate super¬ 
vision of construction. 

The following pages have been prepared in the hope that they will 
convey the pertinent facts of architectural acoustics to architects, build¬ 
ers, and all others who are interested in the design or construction of 
buildings. More specifically, the author has attempted (1) to set forth 
the fundamentals of architectural acoustics in a sufficiently comprehen¬ 
sive manner for all practical purposes — beginning with the most ele¬ 
mentary facts and notions of acoustics, and developing from these the 
pertinent formulas and principles which should guide all good design; 
(2) to tabulate and describe the physical properties of materials and 
types of construction which are basic in the control of sound in build¬ 
ings; and (3) to work out in detail problems of acoustical designing in 
all types of building in which acoustics should be considered. 

Although the book is intended primarily as a reference work, it is 
believed that it also will be serviceable as a textbook for students of 
architecture. It is hoped therefore that the book will facilitate the 
organization of classes in architectural schools where acoustics is not at 
present a part of the curriculum. The architects need for formal train¬ 
ing in acoustics is certainly a basic one, and although the student of 
architecture may not master the subject of acoustics in a one-semester 
course, he will gain a working knowledge of the field which will enable 
him to meet intelligently the problems of acoustics which arise in the 
design and construction of buildings. In order to make the book more 
serviceable as a text, a number of problems and exercises have been 
included in an appendix. 

The author has attempted to present the subject in such an elementary 
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manner as will make the fundamental principles intelligible to the non¬ 
technical as well as to the technical reader; and although it has seemed 
desirable in a few instances to include derivations of formulas which 
necessitate some standard operations in calculus, the non-mathematical 
reader can pass over the formal steps in these derivations without losing 
a grasp of the fundamental principles. On the other hand, references 
are given for those who wish to pursue the theoretical or mathematical 
aspects of the subject. 

The subject matter has been divided into three parts. Part I deals 
with the elementary facts of physical and physiological acoustics, and 
will contain but little new material for those who have had even a first 
course in acoustics. Part II presents the basic principles and data 
which should guide the acoustical design of buildings, and contains the 
main substance and the novel features of the book. For example, there 
are numerous tables on sound-absorptive and sound-insulative materials, 
many of which are published for the first time; there are new data on 
the effects of the shape of an auditorium and the location of absorptive 
materials upon reverberation time; and there are new recommendations 
concerning the optimal reverberation time and frequency characteristic 
for speech and music rooms. Part III deals with the specific and prac¬ 
tical problems of design in school, church, and commercial buildings; 
in theatres and music buildings; in radio broadcast and sound-recording 
studios; and in all types of residential buildings. 

The author is indebted to many of his colleagues for help and encour¬ 
agement in the preparation of the manuscript. First of all, he wishes 
to acknowledge his gratitude to the many original workers who have 
published the results of their researches in acoustics, and especially to 
W. C. Sabine, F. R. Watson, P. E. Sabine, Harvey Fletcher, and C. F. 
Eyring, of the United States; to Hope Bagenal, Alex. Wood, A. H. Davis, 
and G. W. C. Kaye, of England; and to E. Meyer and E. Petzold, of 
Germany. All these men, and many others, have contributed largely 
to the accumulation of knowledge from which these pages were drafted. 
The author also wishes to acknowledge the kindness of the many manu- 
• facturers and distributors of acoustical materials who have permitted 
the publication of the results of tests conducted on their materials, and 
who have supplied the author with photographs of building interiors 
which have been designed or treated successfully for acoustics. Finally, 
he is indebted to Miss Charlotte J. Cox, who has exercised great care in 
typing the manuscript and arranging the tables on sound-absorption 
and sound-insulation. 

Although the author has striven to eliminate all errors in the prepara¬ 
tion of this work, he is aware that it is not inerrant. However, in spite 
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of probable imperfections, the author wishes to make one significant 
claim; namely, that he is not presenting untried theories which are only 
of academic interest but that he has had occasion, in connection with 
the design and construction of numerous buildings, to test and verify 
the correctness of the fundamental principles set forth in the following 
pages. 

Vern 0. Knudsen. 

March , 1932. 
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ARCHITECTURAL ACOUSTICS 


CHAPTER I 

INTRODUCTORY 

1. Foreword. Until recently, acoustics has been the bete noire in the 
design of architectural interiors. Even in recent times the architect 
has not been entirely free from the mischief and distress which is attrib¬ 
uted — often without warrant — to the uncontrolled conduct of this 
black animal. In fact, it is generally known that architects and build¬ 
ers await with considerable anxiety the outcome in the acoustics of the 
auditoriums which they build. Consequently, many people are yet 
of the opinion that acoustics is a dark and mysterious branch of learning, 
far beneath the dignity of a science or an art. And the results of the 
past would scarcely warrant a higher opinion. 

Often the name auditorium clings to a room which is a marvel of struc¬ 
tural engineering; which is perfectly illuminated, heated, and ventilated; 
which is provided with every comfort and luxury; which is a monument 
to architectural art and beauty; but which is so burdened with acoustical 
defects that the audition of music is reduced to a confusion of sound and 
the audition of speech is an utter impossibility. Builders and public 
alike have thought that the acoustics of an auditorium is non-predictable, 
and out of the realm of calculation in advance of construction, and that 
approval or condemnation must await the completion of the auditorium 
— in brief, that the outcome in acoustics is largely a matter of caprice 
or luck. 

During the past thirty years much work has been done, especially in 
America, to correct this indefensible notion. Today, physicists, engi¬ 
neers, and architects in all civilized countries are being attracted in 
ever-increasing numbers to the important and fascinating problem of 
the acoustics of interiors. Already the contributions from these work¬ 
ers are raising architectural acoustics to the level of an exact science 
and an established art; and the architect who will design his buildings 
in accordance with what is already known about the behavior of sound 
in interiors can be assured that the outcome in acoustics will be satis¬ 
factory. This does not mean that every limitation to perfect acoustics 
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has been removed. Indeed, there are certain limitations which make it 
impossible to design what might be called a perfect auditorium, but it 
is possible to calculate in advance of construction just what these limita¬ 
tions are, and to ascertain just what the outcome in the acoustics of any 
proposed building will be. Little by little these limitations are being 
overcome, and perhaps in some future day we shall be able to design 
and build an ideal auditorium for either speech or music. 

It is hoped that in the present volume the fundamental principles of 
architectural acoustics can be presented in such a simple and useful 
manner that the architect will be able to design buildings which will 
be not only free from the common defects which in the past have ruined 
so many otherwise monumental buildings, but which will satisfy as nearly 
as is physically possible the highest and most rigorous requirements for 
the hearing of either speech or music. This is a big and an important 
task, and its successful fruition requires thorough training and skill in 
the fundamentals of acoustics. 

2. Seeing and Hearing Compared. Seeing and hearing are man’s 
most useful agencies in obtaining information about distant objects. 
The requisite conditions for good seeing are relatively simple and quite 
universally understood. An unobstructed view of the object, from a 
not too remote distance, and an adequate amount of diffused light, 
preferably daylight, illuminating the object are the necessary and suffi¬ 
cient requirements for good seeing. The problem of seeing and illumina¬ 
tion in an auditorium is therefore a relatively simple matter which does 
not impose serious limitations upon the shape or the material used in 
the construction of the building. The necessary conditions for good 
hearing, especially in interiors, are not so simple, nor are they so univer¬ 
sally understood. This difference between seeing and hearing depends 
largely upon (1) the great disparity in the velocities of propagation of 
light and sound, (2) the great disparity in the wave lengths or frequencies 
in light and sound, and (3) the amounts of radiant energy required for 
good seeing or good hearing. Light travels with a speed of 186,000 miles 
a second, which is nearly a million times faster than the speed of sound. 
Also, the wave length of sound is of the order of a million times longer 
than the wave length of light. Owing to the very great velocity of 
light and the rough surfaces of walls and ceilings, the separate visual 
impressions which come from a moving body are so quickly absorbed 
by multiple reflections within the interior of a room that there is sen¬ 
sibly no overlapping or confusing of the separate visual impressions. 
In the case of hearing in enclosures, however, owing to the relatively 
low velocity of sound and the smooth reflective surfaces of walls and 
ceilings, separate sounds of speech and music which follow each other 
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in rapid succession die away so slowly that there is likely to be over¬ 
lapping and confusing of the separate sounds. Such a confusion of 
sound is of course inimical to good hearing. 

The wave length of sound, which varies from about one half inch to 
twenty feet, is comparable in length with the dimensions of many of 
the structural parts used in rooms, so that numerous unsuspected phe¬ 
nomena will result from the diffraction of sound. (These phenomena 
will be considered in Chap. II.) Finally, the energy content of speech 
and certain forms of music is so infinitesimally small that the means 
of conserving this energy to the best possible purposes often becomes 
a serious problem in auditorium design. Light energy, on the other 
hand, is both abundant and easy to supply. 

It is apparent then that the acoustical properties in an auditorium 
are much more difficult to control than are the visual properties. Not 
only are they more difficult; they are more important, and unques¬ 
tionably they merit the highest consideration of all factors which enter 
into the design of auditoriums. This, to be sure, is a utilitarian view, 
and may seem somewhat overstated to the proponents of classical or 
monumental architecture, but good acoustics need not require a sac¬ 
rifice of monumental architecture although it may require a modifica¬ 
tion of past traditions. 

3. Monumental Architecture. The utilitarian view, which places 
acoustics in the first rank in the design of auditoriums, requires that 
even monumental architecture be a composite art, based upon the highest 
esthetic standards of hearing as well as seeing. According to this view, 
an auditorium of monumental character will attain its true and highest 
dignity only when it composes forms and materials into such structures 
that will simultaneously satisfy the highest tastes of both the eye and 
the ear. Greenough stresses this idea in a letter to Emerson in which 
he expresses his views on architecture as follows: “ Here is my theory 
of structure: a scientific arrangement of spaces and forms to functions 
and sites; an emphasis of features proportioned to their gradated im¬ 
portance in function. / . . ’ n The architect is correct in his insistence 
that this statement should read “ A scientific and artistic arrangement 
of spaces and forms to functions and sites. . . . ” But there is no reason 
here for a conflict between the scientific and artistic requirements. Art 
can always select from the scientifically correct those things which will 
embrace the requirements of both scientific rigor and artistic beauty. 
It has been stated that architectural acoustics probably will require 
certain changes in monumental architecture, particularly in the use of 
domed ceilings and curved walls, but the requirements for good acous- 

1 Emerson’s Essays. 
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tics are in no serious conflict with architectural form of good proportion 
and intrinsic beauty; and certainly forms which are an offense to the 
ear cannot forever claim the favor of the eye. In fact, it is probable 
that a new type of monumental architecture will evolve which will be 
more beautiful than any of the classical types of the past — a type 
which will adapt forms and materials to the highest functions, which 
will convey to all the senses, including hearing, an harmonious whole. 
This architecture of the future, which must satisfy the highest require¬ 
ments of both utility and beauty, will be attained only through the full¬ 
est possible cooperation between scientist and artist — and it is indis¬ 
pensable that each have a thorough understanding of, and a sympa¬ 
thetic appreciation for, the other. 

Before proceeding further with the development of the fundamental 
laws and principles of acoustics — principles which must be embodied 
in the architecture of the future — it will be advisable to outline briefly 
the historical development of architectural acoustics. 

4. Evolution of the Auditorium. In the temperate climate of south¬ 
ern Europe the auditorium was of the open-air type, and was usually 
located favorably in a quiet site removed from the traffic and noise of 
the city. 2 The first auditoriums consisted only of a group of listeners 
standing around a speaker, all on a level or nearly level plane. The 
first step in the evolution of the auditorium consisted simply of elevating 
the speaker on a platform. This was followed by providing seats for 
the listeners and elevating the more remote seats. These early begin¬ 
nings culminated in the well-known Greek and Roman open-air theatres, 
the ruins of which — remarkably well preserved — intrigue the interest 
and admiration of every modern traveler in southern Europe. Many 
of these theatres are so well preserved that it is possible to assess their 
merits and shortcomings from a study of the existing ruins. The out¬ 
standing merit of these antique theatres is attributable to the absence 
of surrounding walls and ceiling, which makes them free from such cus¬ 
tomary defects as echoes, reverberation, and delayed reflections. The 
sound which reaches the listeners is undistorted, and retains all the 
beauty and naturalness produced by the artist on the stage. But the 
outstanding defect also is attributable to the absence of surrounding 
walls and ceiling. Thus, all the sound energy which otherwise would be 
reflected from these bounding wall and ceiling surfaces is lost, and serves 
no useful purpose. This loss of reflected sound reduces the intensity of 
the sound reaching the more remote seats to the extent that the hearing 
of speech becomes very difficult or even impossible; and in the case of 

* A more complete account of the evolution of the theatre will be given in Chaps* 
XXII and XXIII. 
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music, the loss of energy, as well as the sustaining effect of the delayed 
reflections, impoverishes the richness and fullness of tonal quality. 
The arrangement of the seats in concentric semicircles around the stage 
and the steep slope of the seated area reveal the efforts of the Greeks 
and Romans to provide an adequate amount of sound energy for all 
listeners. The nature of the acoustical problems arising in these antique 
theatres and the progress which was made in the solution of the prob¬ 
lems are recorded in the famous “ Ten Books on Architecture ” by 
Vitruvius, and will be presented in considerable detail in a subsequent 
chapter on open-air theatres. For the immediate purpose it is sufficient 
to note that the early Greek and Roman theatres were free from the 
modern defects of echo and reverberation, but that they were sorely 
in need of some means for strengthening the loudness of the speaker’s 
voice. 

As western civilization expanded to the less temperate climate of 
central and northern Europe it became necessary to enclose the audi¬ 
torium with walls and ceiling. These enclosed rooms admitted the in¬ 
troduction of multiple balconies which served the double purpose of 
seating the audience near the platform or stage and accommodating a 
relatively large audience in a compact space. The proximity of the 
audience to the stage, together with the beneficial reflections from the 
walls and ceiling, provided a loudness of speech which was quite adequate 
in auditoriums seating fewer than about 2000 persons. The large audi¬ 
ence in a relatively small space also provided a sufficient supply of ab¬ 
sorptive material, a condition which is most essential for good acoustics 
in enclosed auditoriums. But not all auditoriums followed this course. 
Lavish tendencies in the design of civic and royal buildings, and espe¬ 
cially in the design of Gothic cathedrals, resulted in vast enclosed spaces. 
(For example, the stone-surfaced interior of the Milan Cathedral, in 
the shape of a Latin cross, divided into five naves by 52 fluted columns, 
has a volume of about 7,000,000 cubic feet. The audience at a typical 
Sunday morning service may not number more than 1000 persons. 
Under this condition a powerful chord on the organ will reverberate in 
the cathedral for about eight seconds, and the spoken mass is an unin¬ 
telligible confusion of sound.) The development of such spacious 
rooms, with interiors of stone or marble, and with accommodations for 
relatively small audiences, presented all sorts of acoustical difficulties. 
But these difficulties stimulated an interest in the study of acoustics 
which attracted a number of investigators in the nineteenth century. 
The investigations, with a few exceptions which will be mentioned later, 
centred almost wholly on the matter of form, leaving for the present 
century the important matter of materials. 
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5. Nineteenth Century Acoustics. The development of architec¬ 
tural acoustics in northern Europe began with a study of the numerous 
reflections of sound in enclosed spaces. Only meagre progress was 
made until the nineteenth century, when efforts were made to discover 
and design architectural forms which would favor a beneficial reflection 
of sound to the auditors. The problem was one of geometrical acoustics, 
limited almost solely to a study of the rays of reflected sound in a room, 
and the aim was to intensify by reflection the sound reaching the audi¬ 
tors. As a result, many buildings employed sounding boards, especially 
those of parabolic form, with the hope of directing an adequate amount 
of sound energy to the more remote listeners. But it was amply demon¬ 
strated that the use of these sounding boards or of specially designed 
surfaces above or behind the speaker was not sufficient to provide good 
hearing conditions in large churches or other auditoriums. The proper 
reflection of sound, or even an adequate supply of sound, was not and is 
not the entire remedy for the acoustical defects of modern buildings. 

One of the first men to realize this fact and to express a more compre¬ 
hensive view of the acoustical problem in an enclosed space was J. B. 
Upham, a doctor of medicine in Boston, Massachusetts. 3 Dr. Upham, 
at the early date of 1853, gave a rather lucid exposition of the phenomena 
of both reverberation and resonance in auditoriums — phenomena 
wdiich are of the first rank in architectural acoustics. He realized that 
reverberation must be adequately suppressed, and that resonance must 
be carefully preserved. He conducted some experiments in the main 
apartment of the Boston Music Hall — a room 130 feet long, 78 feet 
wide, and 65 feet high. He observed the customary changes of rever¬ 
beration as the soft scratch coat and the hard finish coat of plaster were 
applied to the walls and ceilings. He reported a measured time of rever¬ 
beration 4 of 4.5 seconds before the seats and furnishings were installed. 
He further observed that the installation of upholstered benches, the 
laying of carpets in the aisles, and the hanging of curtains around the 
windows reduced the reverberation to a satisfactory condition. He 
continues: “ Should it be required, on any occasion, to reduce still fur¬ 
ther this reverberatory property, it can (in the opinion of the writer) 
be readily and perfectly accomplished by the use of additional uphol- 

* J. B. Upham, “A Consideration of Some of the Phenomena and Laws of Sound, 
and Their Application in the Construction of Buildings Designed Especially for 
Musical Effects,” Amer. Jour, of Science and Art, 65, 215-226, 348-363; 66, 21-33 
(1853). 

4 He does not define time of reverberation but probably means the duration of audi¬ 
bility of some arbitrary source of sound such as a sung note or the note of an organ 
pipe. 
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stery, and the adoption of a simple contrivance of canvas, placed against 
the walls just below the cornice, which would not appreciably interfere 
with the resonance of the room nor mar, to any extent, its architectural 
beauty.” His essay is concluded with the following pertinent plea for 
scientific work on this subject: “We here conclude our imperfect essay, 
ending as we began, with the regret that architects and scientific men 
have not honored with a more careful attention a subject so full of in¬ 
terest and so intimately connected with the welfare of Art, now almost 
universally known and appreciated.” 

The celebrated American physicist, Joseph Henry, in 1854 and again 
in 1856, submitted papers on the Acoustics of Buildings before the 
American Association for the Advancement of Science. 5 He discusses 
in a scholarly manner such important problems as the nature of speech 
and hearing, acoustics of open spaces, shape of enclosures, echoes, rever¬ 
beration, and resonance. Many of his conclusions are based upon exper¬ 
iments and observations. His lucid understanding of the factors which 
affect reverberation is confirmed by the following: “ It must be apparent, 
also, that the continuance of a single sound, and the tendency to con¬ 
fusion in distinct perception, will depend on several conditions; . . . 
first, on the size of the apartment; secondly, on the strength of the sound 
or the intensity of the impulse; thirdly, on the position of the reflecting 
surfaces; and fourthly, on the nature of the material of the reflecting 
surfaces.” The effects of these four factors are then fully discussed 
in the light of physical theory and experimental demonstrations. On 
the nature of the reflecting surface he makes this significant remark: 
“ A reflection always takes place at the surface of a new medium, and 
the amount of this will depend upon the elastic force or power to resist 
compression, and the density of the new medium. For example, a wall 
of nitrogen, if such could be found, would transmit nearly the whole of 
the wave of sound in air, and reflect but a very small portion; a partition 
of tissue paper would produce nearly the same effect. A polished wall 
of steel, however, of sufficient thickness to prevent yielding, would 
reflect, for practical-purposes, all the impulses through the air which 
might fall upon it. . . . The striking of a single ray of sound against 
a yielding board would probably increase the loudness of the reverbera¬ 
tion, but not its continuance.” (This latter phenomenon he demon¬ 
strated with a tuning fork and sounding board.) 

He then describes a new lecture room in the Smithsonian Institution 
which was constructed in conformity with his theory and experiments. 
The ceiling was kept low, the walls diverged in fan shape, and the rear 

5 Joseph Henry, u Acoustics Applied to Public Buildings,” Smithsonian Reports 
(1854 and 1856). 
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seats were well elevated. The oblique walls, the relatively large in¬ 
terior surface, broken with pillars, gallery and stair-screens, and the 
relatively large audience for the volume of the room, all contributed 
to a short reverberation in the room. The acoustical outcome was highly 
satisfactory. 

Mr. T. Roger Smith, architect, in his book, “ Acoustics of Public 
Buildings,” which appeared in 1861, recognized the acoustical require¬ 
ments for speech and music in the following significant words: “ Music 
depends entirely upon the relations that subsist in pitch between differ¬ 
ent sustained sounds or notes, and upon the momentary impression of 
one note or chord resting in the memory of the ear when the next is 
sounded. It is not isolated notes, of however fine a quality, but the 
succession of such sounds or the blending them together that forms 
music; hence in all music there must be some relation between each note 
or chord, except the first of a passage and those that have gone before, 
and some recollection of them. In articulate speech, on the other hand, 
each syllable is a distinct concatenation of two or more sounds only, 
and though it may be combined with other syllables to make a word, 
yet it in no way depends upon them for its own completeness. 

“ Hence upon no music, however rapid, can the consequences of pro¬ 
longing the impression of sounds beyond the time that they themselves 
actually last, exercise so injurious an influence as upon spoken words, 
where each syllable ought to be heard distinctly and separately, and 
where only the combinations of the letters that go to form single syllables 
could at all bear to be run together.” 

Roger Smith closes his discussion on the 11 obstacles and auxiliaries ” 
with the following significant words: “ It ought therefore to be our aim, 
not to make any building conspicuous for one excellence only, or to guard 
it against one defect, but rather to secure for it an equal proportion of 
every advantage within our reach, and to protect it from every possible 
mischance, esteeming no fault too small to be injurious, and no advan¬ 
tage so insignificant as not to be worth an effort, no matter how great 
a degree of excellence may be reasonably supposed to have been already 
secured.” 

Other investigators, notably Tyndall and Rayleigh, realized the neces¬ 
sity of controlling the reverberant sound in rooms by the use of sound- 
absorptive materials, but the generalized scientific work on this impor¬ 
tant problem of reverberation began in the last five years of the nine¬ 
teenth century with Professor Wallace C. Sabine, of Harvard Univer¬ 
sity. Sabine’s work marked a new era in architectural acoustics which, 
at the present time, is exerting a profound and beneficial influence upon 
architecture. 
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6. Twentieth Century Acoustics. All the contributions to archi¬ 
tectural acoustics before the work of W. C. Sabine were of a qualitative 
nature. Sabine was the first to commence a comprehensive and quan¬ 
titative study of the subject, and since science and engineering are bas¬ 
ically quantitative, it may be stated fairly that the science of architec¬ 
tural acoustics had its beginning with W. C. Sabine. In Sabine’s paper 
in 1900 he set forth in simple but comprehensive language the require¬ 
ments for good hearing in any auditorium, as follows: . . it is neces¬ 

sary that the sound should be sufficiently loud; that the simultaneous 
components of a complex sound should maintain their proper relative 
intensities; and that the successive sounds in rapidly moving articula¬ 
tion, either of speech or music, should be clear and distinct, free from 
each other and from extraneous noises. These three are the necessary, 
as they are the entirely sufficient, conditions for good hearing.” 6 

It seemed to be apparent to Sabine that the third of these factors was 
the most important one in affecting the acoustical quality of a room, 
and he therefore devoted the major portion of his remaining days — some 
twenty years — to a quantitative study of the growth and decay of sound 
in an enclosure. His work was not only the beginning of a new branch 
of science to which contributions are now being made by men in all parts 
of the w r orld, but his results were immediately applicable to architec¬ 
tural design. For example, his work on reverberation made it possible 
to calculate the time of reverberation in any room in advance of con¬ 
struction — and experience has shown reverberation to be the most 
important single factor in determining the acoustical outcome of any 
room. Already thousands of rooms have been designed in accordance 
with the theory developed by W. C. Sabine, and the results have been 
most gratifying. 

Although numerous rooms were designed in accordance with the theory 
of W. C. Sabine immediately following the publication of his results, 
most architects were slow to recognize and apply his theory. Likewise, 
other scientific men were slow to follow his pioneer work, and it has been 
only during the past ten years that important contributions have been 
added to his findings. Today, architectural acoustics is receiving uni¬ 
versal recognition as an indispensable branch of architecture and is 
attracting the attention of many architects and scientific investigators 
in university, private, and governmental laboratories. Besides, such 
industries as are related to the telephone, the radio, talking pictures, 
and the manufacture of acoustical materials, are making continued re¬ 
searches and contributions. The advent of sound pictures a few years 

8 W. C. Sabine, “Collected Papers on Acoustics,” 4 (Harvard University Press, 
1922). 
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ago and the organization of the Acoustical Society of America in 1928 
have been powerful agencies not only in popularizing acoustics but in 
developing fundamental theory and devices which have a profound and 
beneficial influence upon architectural acoustics. As a result, architec¬ 
tural acoustics is not only becoming a more complete and exact science, 
but because of its practical importance it is passing through an inevitable 
transition from a science to a branch of art and engineering. In this 
connection it should be emphasized again that architectural acoustics 
must satisfy the requirements of art as well as the requirements of exact 
science. It is very probable therefore that the future advances in archi¬ 
tectural acoustics will result from a closer cooperation between artistic 
and scientific workers. This will be particularly desirable in connection 
with improvements in the design of music rooms. 

7. General Survey of the Content and Treatment of the Text. Since 
this book is intended primarily for those who have had no special train¬ 
ing in the theory of sound, it will be desirable to begin with a simple 
exposition of the first principles concerning the nature of sound. The 
student of architectural acoustics must have a good working knowledge 
of these first principles before he can obtain an adequate comprehension 
and appreciation of the fundamentals of architectural acoustics. Ac¬ 
cordingly, the next chapter will be devoted to physical acoustics — the 
simple but rigorous laws which govern the behavior of sound in the ex¬ 
ternal world, such as the generation of sound, its propagation, reflec¬ 
tion, diffraction, refraction, transmission, absorption, and resonance. 
These are the phenomena which determine the behavior of sound in an 
enclosure, and consequently they constitute the logical beginning to 
the study of architectural acoustics. 

Of equal importance is a knowledge of the nature of speech and music 
and of hearing. Both speech and music are forms of sound energy which 
are subject to the laws of propagation, reflection, refraction, absorption, 
transmission, and diffraction, and therefore it is of prime importance to 
know intimately the energy and frequency characteristics of speech 
and music. Since all these sounds must be received and judged by the 
sense of hearing, it is equally important to know the fundamental facts 
of hearing. These fundamental facts of hearing, and of the nature of 
speech and music, will be considered in Chaps. Ill and IV. 

Since the reverberation and absorption of sound, the transmission 
and insulation of sound, and the amplification of sound, are among the 
principal properties which control the nature of sound in buildings, a 
rather detailed consideration will be given to these subjects in Part II 
of this book. Included in these chapters are tables of coefficients of 
absorption and coefficients of transmission, the two most important 
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properties of materials which are needed in calculating the time of rever¬ 
beration and the amount of insulation which will be provided by any 
proposed type of structure. In the last four chapters of Part II, the 
basic theory and the fundamental principles of architectural acoustics 
as applied to speech rooms and to music rooms will be developed. A 
thorough acquaintance with these first principles and the fundamental 
theory developed in Part II is indispensable to an understanding of the 
practical problems which arise in acoustical design. In Part III the 
practical problems of design in the acoustics of buildings will be con¬ 
sidered. Here the architect will find examples of the application of the 
theory and principles of architectural acoustics to every type of building 
he is likely to encounter in building design, such as school buildings; 
office and commercial buildings; public buildings, such as municipal 
auditoriums, libraries, governmental buildings, and museums; churches 
— Roman Catholic, Protestant, Jewish, and Christian Science; theatres; 
music rooms; concert halls; opera houses; private residences; apart¬ 
ment houses and hotels; and radio broadcast and talking picture studios. 
Since speech or music and the control of noise are associated with almost 
every conceivable type of building, nearly every building which the 
architect is called upon to design has its own peculiar acoustical prob¬ 
lems, and it is confidently believed that the theory and practical appli¬ 
cations described in this book will enable the architect or engineer to 
find a satisfactory solution for most of the acoustical problems which 
arise in the design of buildings. 

These problems are definite and can be solved in advance of construc¬ 
tion. In general, the problem consists of (1) the adequate reduction 
of noise, and (2) the designing of interiors in which the voice or instru¬ 
mentation is heard most satisfactorily — a condition which is realized 
by the proper design of shape and size of the interior; by the elimination 
of echoes, sound foci and delayed reflections; and by the proper control 
of reverberation and resonance. Both the theory and practice under¬ 
lying these problems should be mastered before one is entrusted with the 
acoustical design of an architectural interior. 




PART I 


PHYSICAL AND PHYSIOLOGICAL ACOUSTICS 




CHAPTER II 

PHYSICAL ACOUSTICS —THE NATURE OF SOUND 

8. Objective and Subjective Sound. The essential problem in the 
acoustical design of buildings consists of the most favorable adaptation 
of structural forms and materials to the established laws of objective 
and subjective sound. It is necessary therefore to possess a clear un¬ 
derstanding of the basic principles of the objective sound — that is, 
the dynamical vibrations outside of the ear which make up sound 
waves — and also the subjective sensations resulting from the action 
of this objective sound upon the auditory apparatus with its associated 
nerve endings. In the present chapter, consideration will be given only 
to objective sound, that is, the external motions which characterize 
sound. Throughout this book the word sound will be used to denote 
the physical disturbance which could be sensed as sound if there were 
present a normal ear to hear it. It will be noted later that this limits 
objective sound to vibrations having a circumscribed range of ampli¬ 
tude and frequency. The phrase sensation of sound will be used to 
denote the subjective response to sound. The physicist and acoustician 
are interested primarily in objective sound; the psychologist primarily 
in subjective sound. There is no occasion for confusing the points of 
view of the physicist and the psychologist, although they overlap to a 
certain extent. Both points of view are required of the architect who 
would understand the problems of architectural acoustics, and the archi¬ 
tect who possesses a comprehensive knowledge of both objective and 
subjective sound can readily apply this knowledge in adapting structural 
forms and materials to yield their utmost in acoustical quality. The 
following sections will introduce some of the more important facts of 
objective sound which are pertinent to the control of sound in buildings. 
These facts should be mastered thoroughly by the prospective student 
of architectural acoustics. 

9. Production of Sound. When we ride in an automobile or teeter 
on a spring board we are aware of regular up-and-down motions which 
are called vibrations. Vibrations are set up in bodies which readily tend 
to return to their equilibrium or rest positions when they have been 
given a displacement. The most casual observations reveal that sound 
has its origin in vibrating bodies. The plucked string of a violin, the 
prong of a tuning fork hit gently with a soft mallet, the stretched parch- 

15 
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ment of a bass drum, or the paper cone of a radio loud speaker all present 
familiar demonstrations of vibratory motion of sounding bodies. The 
vibrations of the string, the tuning fork or the paper cone can be ob- 

served visually; the vibrations of the 
\ stretched parchment on the bass drum can 
\ be felt with the finger tips. The vibratory 
\ motion of a sounding tuning fork can be re- 
£> vealed in a spectacular manner by bringing 
a small suspended steel ball into contact 
with the vibrating prongs of the fork as 
shown in Fig. 1. The steel ball is driven 
away several inches by the impact of the 
vibrating prongs. Even after the sound of 
the fork has become so feeble as to be in¬ 
audible at a distance of a few feet, the force 
of vibration is sufficient to impart an appre¬ 
ciable blow to the steel ball. If the sus¬ 
pended ball be placed carefully between the 
prongs of a vigorously vibrating fork the 
ball is driven back and forth with such 
rapidity that it produces a sound similar to 
that of an electric bell or buzzer. 

Fig. 1 . Force of vibration ex- It may not be so obvious that sounds 
hibited by impacts of prongs produced by organ pipes and other wind 

° f t H^ ng t f °nh ^f ainst a 8US " instruments have their origin in vibrating 
pended steel ball. bodies, but it can be shown that the column 

of air within any one of these instruments is in a state of vibration. 
This vibration can be exhibited in the case of an organ pipe closed at 
one end with an elastic membrane. The vibratory motion of the mem¬ 
brane, and hence the column of air above it, can be felt with the finger 
tips, or the motion can be magnified and projected onto a screen by 
optical methods. 

10. Propagation of Sound. Just as the generation of sound is pro¬ 
duced by the vibrations of a body possessing inertia and elasticity, so the 
propagation of sound is produced by communicating these vibrations 
to any medium possessing the properties of inertia and elasticity, as 
air, or water, or steel. The propagation of sound is somewhat analogous 
to the propagation of a transverse pulse or wave along a stretched wire 
or rope. If a transverse disturbance be impressed upon a stretched 
elastic cord, as by hitting gently one end of the cord, the disturbance 
or deformation of the cord travels along the cord at a certain speed, and 
the form of the disturbance remains practically unchanged. The speed 
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of propagation of the disturbance will depend only upon the mass per 
unit length and the tension of the cord. In fact, it can be shown by 
t heory and proved by experiment that the speed of propagation is simply 
V T/m where T represents the tension and m the mass per unit length 
of the cord. The propagation of sound through the air, or through 
liquids or solids, is more accurately exhibited by a special wave model 
which consists of a series of steel balls connected by spiral springs, as 
illustrated in Fig. 2. If ball 1 be given a displacement to the left, balls 
2, 3, 4, etc., will be displaced successively in the same direction, that is, 
the disturbance imparted to ball 1 is propagated along the medium. 
After ball 1 has returned to the right, the other balls will follow in suc¬ 
cession. Now if ball 1 be given a to-and-fro motion, this same motion 
will t ravel to the other balls, and the speed of travel will again be given 
by V T/m. In the case of a tuning fork vibrating in the air — an aggre¬ 
gate of discrete molecules coupled by elastic bonds — the molecules of 
air adjacent to the prongs of the fork are set into vibratory motion, and 

Fig. 2. Wave model of steel balls and spiral springs. 

their motion is imparted to neighboring molecules which in turn impart 
the motion to more distant molecules. In this manner the vibratory 
motion is propagated away from the source with a speed which is deter¬ 
mined by the density and elasticity of the air. 

The necessity of a ponderable medium for the propagation of sound 
is shown by the following simple experiment: Suspend, by rubber bands, 
a small call-bell inside a bell jar which is attached to an exhaust or vac¬ 
uum pump. When the jar is filled with air the bell can be heard dis¬ 
tinctly if the jar be shaken. But if the air be well pumped out of the 
jar, the bell will not produce an audible sound even though the jar be 
shaken vigorously. If an exhaust pump is not available, the exper¬ 
iment can be performed by suspending the bell inside a flask containing 
some water. By boiling the water, all the air is driven from the flask 
and the space above the water is filled with steam or water vapor. In 
this condition the flask should be tightly corked. If the flask be shaken, 
the bell will be heard as well as when it was filled with air. But now let 
warm water, and then cold water, be poured over the flask so that the 
water vapor condenses. It will be observed now that the bell is no 
longer heard. Heating the water again will restore the water vapor, 
and with it the sound. The walls of the glass flask must be fairly thick 
for this latter experiment, or the force of the outside atmospheric pres- 
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sure may break the flask. The experiment provides convincing proof 
for the necessity of a medium, such as air or steam or some other pon¬ 
derable material, for the propagation of sound. In general, dense, elas¬ 
tic media, as wood, water or steel, propagate sound better than do rare, 
inelastic media, as gases, vapors or the atmosphere. Even a taut 
string is a good conductor of sound waves, as every boy has demonstrated 
with his “ tin can and string ” telephone. A simple demonstration of 
the conducting quality of string can be made by suspending a table fork 
or spoon from the middle of a string about three or four feet long, and 
bumping the fork or spoon against the edge of a table or chair when the 
two free ends of the string are held against the ears with the palms of 
one's hands. A clear, bell-like sound will be heard each time the fork or 
spoon makes impact against the table or chair. 

The determination of the speed of sound in air has received the atten¬ 
tion of physicists for nearly two hundred years. In 1738 the French 
Academy made some careful measurements of the speed of sound by 
firing cannon, first at one observatory in Paris and then at a station 
about seventeen miles outside of Paris. By measuring the elapsed time 
between the flash and the report — making measurements in both direc¬ 
tions to compensate for any motion of the air — they found that the 
speed of sound in air is slightly more than 1100 feet per second. More 
precise experimental determinations indicate that at room temperature 
( 20 ° C. or 68 ° F.) the speed is 1125 feet per second . 1 The speed is the 
same for all frequencies in the audible range, but increases slightly at 
supersonic frequencies. In a somewhat similar manner, the speed is 
constant for sounds of ordinary intensities, but increases slightly for 
very intense sounds. For all practical purposes, sounds of all pitches 
and of all loudness levels travel with the same speed. This is a fortu¬ 
nate circumstance, for if the speed changed appreciably with pitch or 
loudness, the music coming from a remote source would be badly dis¬ 
torted. The speed increases about thirteen inches per degree (Fahren¬ 
heit) rise of temperature, but does not vary with change of atmospheric 
pressure. It can be shown by a simple consideration of the thermo¬ 
dynamics of the propagation of sound in air that the speed is given by 
V yP/p, where P is the pressure of the air, p is its density, and 7 is a 
thermal constant which for air is 1.405. At a temperature of 20° C. 
or 68 ° F., and at sea level, P is 76 centimeters of mercury or 1,008,000 
dynes, and p is 0.00120 5 gram per cubic c entimeter. Hence, the speed 

* j u 1 j 1 . a /1.405 X 1,008,000 0 . OAA .. . 

of sound should be y- 0 001205 — = 34,300 centimeters per sec¬ 

ond, or 1124 feet per second, which is in good agreement with that deter- 

1 Baaed upon data given in International Critical Tables, vol. VI, p. 462. 
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mined experimentally. For purposes of calculation in this book the 
speed of sound in air will be assumed to be 1125 feet per second at a 
temperature of 20° C. or 68° F. 

The speed of sound in air plays an important role in many of the fun¬ 
damental problems in architectural acoustics, particularly in the phe¬ 
nomena of reverberation and echoes. The increase of speed with rise 
of temperature is one of the prime factors which produces the bending 
of sound rays in the atmosphere. This bending or refracting of sound 
waves affects slightly the distribution of sound reaching an audience, 
especially in an open-air theatre. 

Sound travels much faster in liquids and solids than it does in air. 
For example, the speed in sea water is about 5000 feet per second; in 
wood it is about 13,000 feet per second along the fibres and only 4000 
feet per second across the fibres; and in stone it is about 12,000 feet 
per second. 

11. Physical Characteristics of a Sound Wave. A sound wave is 
characterized by the following properties: amplitude, frequency, wave 
form, and velocity (including direction) of propagation. The amplitude 
of vibration of a sound wave is the average maximal distance the indi¬ 
vidual vibrating particles, as the air molecules, are displaced from their 
equilibrium positions. Thus, referring to the model in Fig. 2, the ampli¬ 
tude is a measure of the to-and-fro displacements of the individual balls 
which are set into vibration. In general, the amplitude of a sound wave, 
especially in an enclosure, may vary from point to point in space. This 
variation, which results principally from the union of direct and re¬ 
flected sound weaves, is exhibited in Fig. 6. (See also Sec. 21.) The 
frequency of vibration of any vibrating source or medium is the number 
of complete to-and-fro vibrations which occur in a second. Thus, a 
tuning fork which vibrates at the rate of 512 complete vibrations or 
cycles per second produces a corresponding vibration in the surrounding 
air, which, if at rest with respect to an observer, will impress upon the 
eardrum of the observer 512 complete vibrations per second. The 
frequency is usually designated by a number followed by “ cycles per 
second ” or simply “ cycles,” which specifies the number of complete 
vibrations or cycles per second. Thus, 512 cycles describes a vibration 
having a frequency of 512 complete to-and-fro vibrations per second. 

The wave form of a vibrating body is a graphical representation which 
is used to describe the precise nature of each complete to-and-fro vibra¬ 
tion. The most elementary wave form or type of vibration is called 
a simple harmonic motion; it is the form of vibration which char¬ 
acterizes a pure tone, such as is approximated by the vibrations of a 
bowed or gently struck tuning fork. If a stylus on one of the prongs of 
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Fig. 3. Sine wave such as is generated by a tun¬ 
ing fork. 


such a vibrating fork make a trace of its motion upon a piece of smoked 
paper which moves by the stylus at a constant speed and at right angles 
to the motion of the stylus, the graphical record on the smoked paper 
will resemble the drawn curve shown in Fig. 3. Such a curve is called a 
sine or sinusoidal curve since it is the same type of curve as would be 
obtained from plotting, on rectangular coordinate paper, the sine of an 
angle against the angle itself. The sine curve in Fig. 3 gives the dis¬ 
placements of the vibrating 
tuning fork as a function of 
time, and it represents the 
wave form of a pure tone. 
Thus, a fork having a fre¬ 
quency of 512 cycles would 
make each second 512 complete sine curves like the four shown in Fig. 3. 
If the speed of the paper which is moved past the stylus on the prong of 
the tuning fork be known, the record furnishes a means of determining 
not only the wave form but also the frequency of vibration of the fork. 

Closely associated with the concept of frequency are the concepts of 
period and wave length. The period is simply the reciprocal of the 
frequency, that is, it is the time required for a complete to-and-fro 
vibration of the vibrating source of sound. The wave length depends 
not only upon the frequency of vibration but also upon the speed of 
propagation in the medium. Thus, a fork having a frequency of 512 
cycles will radiate into the surrounding air 512 condensations each 
second. After it has been vibrating, say, for one second, the first con¬ 
densation will have been propagated away from the fork a distance of 
about 1125 feet, that is, the distance which sound travels in one second. 
But there will be 511 other condensations uniformly spaced between the 
fork and this first condensation; and therefore the distance between 
successive condensations will be 1125 -f- 512, or 2.20 feet. This dis¬ 
tance between two successive condensations, or the shortest distance 
between two portions of the propagated wave which are in the same phase 
of motion or condensation, is called the wave length of the sound wave. 
The wave length is proportional directly to the speed of propagation 
and inversely to the frequency of vibration. This is stated formally in 
the equation c = rd, where c is the speed of sound, n the frequency, and l 
the wave length. 

The wave forms of musical notes are not so simple as those of the tun¬ 
ing fork. In general, each musical note is characterized by its own pe¬ 
culiar wave form. Thus, the wave forms of the sounds produced by a 
tuning fork ?/ a^violin^nd an oboe are shown in Fig. 45, in Chap. III. 
These re^ofds are formusical notes of the same fundamental frequency 
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and approximately the same amplitude of vibration, but it will be noted 
that they differ markedly in their manner of vibration, that is, in their 
wave forms. These wave forms are periodic, that is, they repeat at 
stated intervals, but they are called complex waves as distinguished from 
simple harmonic waves. It is possible to analyze complex wave forms, 
like those characteristic of the oboe or any other instrument, into simple 
harmonic vibrations. (See Sec. 15.) Further, these simple harmonic 
components usually form a harmonic series, that is, the component fre¬ 
quencies are integral multiples of the gravest or so-called fundamental 
frequency. This will be discussed more fully in Chap. IV. 

The velocity of propagation of a sound wave includes both the speed 
and direction of propagation, that is, velocity is a vector quantity. The 
speed has been discussed in an earlier section. The direction of propa¬ 
gation is the direction of advance of the wave, defined more accurately 
by the normal or perpendicular to the wave front of the advancing wave. 
The direction of propagation of sound waves is a potent factor in con¬ 
nection with problems of localization of sources of direct or reflected 
sound waves, and also with problems of distribution of sound by means 
of electrical loud speakers. 

It will be shown in the next chapter that amplitude, frequency, and 
wave form are the fundamental properties which determine the nature 
of speech and music, as well as all other types of sound, and that there 
are definite and well-known relations between these fundamental physical 
properties of a sound wave and the auditory sensations produced by them. 

12. Relation between Amplitude of Vibration and Intensity of 
Sound. In acoustical measurements, it is convenient to speak of and 
measure the intensity of sound rather than the amplitude of vibration. 
The intensity of sound depends upon both the amplitude and frequency 
of vibration. The total energy possessed by a vibrating mass m, vibrat¬ 
ing sinusoidally with an amplitude a and a frequency n, is 2m7rW. It 
will be noticed that the total energy of vibration is proportional to the 
square of the amplitude and also to the square of the frequency; that 
is, proportional to the square of the product of amplitude and frequency. 
Consequently high-frequency vibrations have much smaller amplitudes 
of vibration than do equally intense low-frequency vibrations. The 
expression 2wwr 2 a 2 n 2 represents the total vibrational energy of a vibrat¬ 
ing sound source having an effective mass m. In general, only a small 
part of this vibrational energy is radiated as sound, the remaining part 
being converted into other forms of energy, principally heat. 

The pressure variations produced by a sound wave in air are propor¬ 
tional both to the amplitude and the frequency of vibration, and there¬ 
fore the intensity of sound in air is proportional to the square of the 
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pressure variation. The intensity of sound, as in a room, can be meas¬ 
ured in terms of either the average energy of vibration per unit volume — 
as the number of microjoules per cubic centimeter — or the average rate 
of flow of sound energy through unit area — as the number of microwatts 
per square centimeter. Throughout this book, intensity will be used to 
designate the rate of flow of sound energy per unit area, and volume 
density will be used to designate the amount of vibrational energy per 
unit volume. It can be shown from a simple consideration of the flow 
of sound energy in such a medium as air that if p represent the root mean 
square value of the pressure variation, c the velocity of sound, and p the 
density of the air, then the rate of flow of sound energy per unit area, 
that is, the intensity 7, is given by 


If p be measured in bars (dynes per square centimeter), c in centimeters 
per second, and p in grams per cubic centimeter, 7 will be given in ergs 
per second per square centimeter. Since there are 10 ergs per second in 
a microwatt, it is necessary to divide the right-hand member of (1) by 10 
in order to give 7 in microwatts per square centimeter. Hence, for sound 
waves in air at a temperature of 20° C. (68° F.), the intensity 7, in micro¬ 
watts per square centimeter, becomes p 2 /414. The root mean square 
pressure variation in the air can be conveniently measured by diaphragm 
instruments, such as a calibrated condenser transmitter. Such an instru¬ 
ment is very useful therefore for measuring the intensities of sound in 
architectural interiors. 

The rate of emission of acoustical energy from most sources of sound, 2 
and the corresponding intensities in sound fields, is very small. Thus, 
the sound energy radiated by the average speaker in an auditorium is 
of the order of 25 to 50 microwatts. It would require therefore no fewer 
than 15,000,000 such speakers to generate a single horse power of acous¬ 
tical energy. With such minute amounts of sound energy generated by 
the average speaker, the resulting intensity of speech in an enclosure is 
correspondingly small. Thus, the average intensity of unamplified 
speech in an auditorium is of the order of a thousandth of a microwatt 
per square centimeter. Such small amounts of acoustical power empha¬ 
size the delicacy of the problems of measurement which arise in archi¬ 
tectural acoustics. Methods of measuring these feeble vibrations will 
now be discussed. 

*The rate of emission of sound energy from a diaphragm (large in comparison 
with the wave length of the sound) having an area A and moving as a piston, is 
2n 2 cpa 2 n\ 
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13• Measurement of Sound Intensity. Instruments for the measure¬ 
ment of sound intensity may be divided into two principal classes: 
those which utilize the velocity variations of the vibrations and those 
which utilize the displacement variations of the vibrations. In general, 
the pressure amplitude is proportional to either the velocity or the dis¬ 
placement, so that the intensity is proportional to the square of the 
measurements obtained by instruments which record either the velocity 
or displacement amplitudes. The magnetophone or telephone receiver, 
either of the electromagnetic or electrodynamic type, is the outstanding 
instrument in which the action depends upon the velocity of the dia¬ 
phragm — that is, upon the rate of change of magnetic flux. The con¬ 
denser microphone, of the type used in radio broadcasting and in sound 
studios, is the outstanding instrument in which the action depends upon 



Fig. 4. Cross section of condenser microphone. (Wente and Crandall.) 


the displacement of the diaphragm — that is, upon the rate of change of 
electrostatic capacitance. The condenser microphone is probably one 
of the most dependable instruments available for the measurement of 
sound intensity, and consequently it will be described in this section. 
It is not a power-indicating device, and therefore it does not measure 
the intensity directly. It is analogous to a high-resistance electrical 
voltmeter. It measures the alternating pressure in the air produced by 
a sound wave. A cross-sectional view of a condenser microphone is 
shown in Fig. 4, It consists essentially of a tightly stretched dia- 
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phragm separated about 0.001 inch from a fixed steel plate. The 
sound waves exert a pressure upon the diaphragm which forces it into 
vibration. These vibrations alter the distance and consequently the 
electrostatic capacitance between the diaphragm and the fixed plate. 
Accordingly, the potential drop between the diaphragm and fixed plate, 
maintained by an external battery, is varied, and an alternating voltage 
is thus developed which is proportional to the pressure variations actu¬ 
ating the diaphragm. The voltage developed is exceedingly small — 
of the order of 3 X 10~ 3 volt per bar pressure against the diaphragm — 
but when suitably amplified by means of a vacuum-tube amplifier it is 
sufficient to operate a thermocouple and galvanometer. A circuit 
diagram of a typical measuring set utilizing the condenser microphone 
is shown in Fig. 5. The condenser microphone, as ordinarily used, is 
not an absolute instrument, but it can be calibrated by means of a 



Fig. 5. Condenser microphone with amplifier and thermocouple for measuring in¬ 
tensity of sound. 

thermophone, which does provide a means of making absolute measure¬ 
ments of intensity. The method of calibration is beyond the scope of 
this book, but the interested reader will find a description in Appendix A 
in “ Speech and Hearing ” by Harvey Fletcher. 

Recently, an electrodynamic type of microphone has been developed 
by E. C. Wente and A. L. Thuras 3 which has all the advantages of the 
condenser microphone, and in addition has a higher sensitivity (9 X 10~ 3 
volt per bar) and a wider and better frequency response, and is not so 
directional in its response. Further, it does not require a polarizing 
voltage, and it is not necessary to have an amplifier in close proximity 
to the microphone. It seems probable that the electrodynamic type of 
microphone will soon replace the condenser type. 

Other instruments which are used for the measurement of sound in¬ 
tensity are the Rayleigh disc and the Webster phonometer. 

14. Variation in the Intensity of Sound with the Distance from the 
Source. If a sound originate at a point in a homogeneous and an un¬ 
disturbed medium, away from all reflecting and diffracting surfaces, 
the sound is propagated radially in all directions, and the wave front is 

•Jour. Acous. Soc., 3, 48 (July, 1931). 
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spherical. Under such circumstances the intensity of the diverging 
sound varies inversely as the square of the distance from the source. 
If a sound wave be reflected by a large cylindrical “ mirror ” in such a 
manner that the sound spreads out with a cylindrical wave front, the 
intensity varies inversely as the distance from the source. Or, if a 
sound source be located at the focus of a large parabolic reflector, the 
sound is approximately reflected in a plane wave of constant amplitude, 
that is, the intensity does not vary with the distance from the source. 4 
These last two instances of cylindrical reflection and parabolic reflection 
are ideal cases which are only approximated, but if the reflecting sur- 



Fia. 6. Curve showing the variation of amplitude of vibration of sound with the 
distance from the source in a high-school auditorium. The source was a 256-cycle 
tone from a loud speaker. The detector was a Webster phonometer. The ordi¬ 
nates give the deflection readings of the phonometer. Source was located on front 
central part of stage. No measurements were made for the dotted portion of the 
curve. 


face be very large in comparison with the wave length of the sound, the 
relation between intensity and distance from the source is approximately 
as stated for these ideal cases. Hence, the intensity of sound may die 
away with the inverse square of the distance, or inversely with the dis¬ 
tance, or it may remain constant, depending upon whether the wave is 
spherical, cylindrical, or plane. In an enclosure, such as an auditorium, 
there may be combinations of these three types of sound propagation, 
but in most cases the reflecting surfaces are plane, so that most individual 
sound rays will diminish in intensity with the inverse square of the dis- 

4 This assumes that the sound energy of the wave motion persists as such and is 
not degraded into other forms of energy. It will be seen in the chapters on rever¬ 
beration and absorption of sound that there is an attenuation owing to absorption 
in the air. 
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tance from the source. These reflecting surfaces in a room complicate 
the relation between intensity of sound and distance from the source, 
and in general the intensity falls off with the distance much less rapidly 
than would be required by the inverse square law. An example of the 
manner in which the intensity of sound depends upon the distance from 
the source in an auditorium is shown in Fig. 6. 

15. Determination of the Wave Form and Frequency Components of 
Complex Vibrations. In the two following chapters the relations be¬ 
tween wave form and the quality of speech or music will be discussed. 
It is important therefore that the reader be familiar with dependable 
and commonly used methods and apparatus for determining wave form. 
A number of instruments may be used for this purpose. Among the 
most dependable and practical instruments are (1) the condenser or 
electrodynamic microphone, with associated amplifier and oscillograph; 
(2) the phonodeik, developed by D. C. Miller; (3) the high-quality elec¬ 
tric phonograph; (4) the equipment used by the motion-picture industry 
for recording sound on film. 

The condenser microphone with the high-quality oscillograph is prob¬ 
ably the most reliable equipment for the precise determination of wave 
form. The schematic arrangement of the apparatus is similar to that 
shown in Fig. 5, except that the thermocouple and galvanometer are 
replaced with the oscillograph. The sound to be recorded is picked up 
by the condenser microphone and converted into electrical waves. 
These electrical waves are amplified by a multiple-stage vacuum-tube 
amplifier and are then impressed upon the vibrating element of the oscil¬ 
lograph. The vibrating element is usually a bifilar suspension which 
vibrates as a loop between the poles of a powerful electromagnet. A 
tiny mirror on the vibrating element reflects light, by means of a suitable 
optical system, upon a sensitized film, which is propelled past the beam 
of light at a constant speed. The developed film then contains a record 
of the sound vibrations which acted upon the diaphragm of the con¬ 
denser microphone. With a properly designed oscillograph it is possible 
to obtain faithful records of the types of vibration which comprise 
speech and music. Several of these records will be shown in the follow¬ 
ing chapter. A photograph of a magnetically damped oscillograph, 
developed by L. P. Delsasso, is shown in Fig. 7. 

The phonodeik is fully described in D. C. Miller’s book, “ The Sci¬ 
ence of Musical Sounds.” It consists essentially of a large receiving 
horn, a diaphragm, and a very delicate and sensitive optical system which 
projects the motion of the diaphragm onto a moving film, or onto a ro¬ 
tating mirror and screen for demonstrating to a group. The phonodeik 
introduces more distortion than the condenser microphone and oscillo- 
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graph, but by making corrections for the distortion, the phonodeik can 
be used for the determination of the wave form of speech or music. 
There are in Dr. Miller's book many interesting photographic records of 
the wave forms which characterize different musical instruments. 

The equipment which is used for making modern phonograph records 
also supplies satisfactory apparatus for investigating wave forms. 
This apparatus consists of a condenser microphone with a high-quality 
amplifier (see Fig. 5) and an electromagnetic cutter which cuts in the 



Fia 7. Portable oscillograph for obtaining photographic record of sound vibrations. 
(L. P. Dtlsasso .) 


groove of a wax disc a record of the sound vibration picked up by the 
microphone. The wave form of this cut record can be examined micro¬ 
scopically, or, by means of a suitable electrical pick-up and optical sys¬ 
tem, the record of the motion may be projected upon a screen. 

The recently developed methods of recording sound on film, as used 
in the making of sound pictures, are all somewhat similar to the oscillo¬ 
graphic method already described. The sound to be analyzed is picked 
up by a microphone, and is amplified with a suitable vacuum-tube 
amplifier. Two principal processes or methods are employed for record¬ 
ing these amplified electrical impulses upon film. The one method is 
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known as the variable-area method and the other as the variable-density 
method. In the variable-area method, the recorder is similar to the 
oscillograph already described. The tiny mirror attached to this 
vibrator reflects light upon a very small slit, the image of which is 
sharply focused upon a film. As this tiny mirror is vibrated it effec¬ 
tively lengthens and shortens the length of the slit image on the film. 
Records obtained with such a device are illustrated in Fig. 8, which re¬ 
veal wave forms of the sound produced by a bicycle bell, an orchestra, 



Fig. 8. Types of sound records made with R.C.A. Photophone — variable-area 
method. (Toumsend.) 


and a woman’s voice. In the variable-density method, the amplified 
electrical vibrations are made to vary the width of a slit in a vibrating 
light shutter. The wire slit or shutter, which is normally 0.001 inch wide, 
opens and closes in accordance with the strength of the alternating cur¬ 
rent which actuates it. A constant source of light illuminates the slit, 
and the amount of light which passes through it is therefore propor¬ 
tional to the width of the slit, or to the strength of the electrical current 
operating the shutter. The light which passes through the slit falls upon 
a moving film which makes a variable-density record on the film similar 
to that shown in the upper part of Fig. 9. For comparison, a variable- 
area record is shown in the lower part of Fig. 9. The method just de- 
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scribed is essentially that used by the Western Electric Company, and 
leased to many of the leading motion picture producers. The method K 
used by the Fox Movietone Company produces a record similar to that 
just described, but in this method the light slit is of constant width, 
and the intensity of the light which illuminates the slit is proportional 
to the strength of the electrical current which operates the source of 
light — the Aeolight. The Aeolight is a gas-filled discharge tube which 
develops an amount of luminous energy proportional to the voltage im¬ 
pressed upon the tube. 

The methods of recording sound on film just described furnish a num¬ 
ber of simple and convenient means for investigating the wave forms of 



Fig. 9. Variable-density and variable-area sound records on motion-picture film. 

sound, but the use of such equipment is limited largely to the motion- 
picture industry. 

All four methods which have just been described give records of the 
wave fot*m of sound. In general, the acoustical engineer is interested 
not in the form of the wave itself but in the frequency components which 
make up the wave form, for it is these component vibrations which must 
be faithfully preserved in order that the quality of sound be unimpaired. 
These components are determined by analyzing the wave form for any 
particular sound into its simple harmonic elements. Instruments for 
making such analyses are called harmonic analyzers. There are two 
principal types of analyzers: the electrical, and the mechanical. In 
the electrical analyzer, the sound, which must be sustained during the 
analysis, is picked up in the usual manner with the condenser microphone 
and amplifier, and is then impressed upon a resonant electrical circuit 
and galvanometer. By adjusting the inductance and capacitance in 
the electrical circuit so that it is successively resonant to all the fre¬ 
quency components which are likely to occur in the sound, a so-called 
spectrum of the sound is obtained by plotting or recording the deflection 
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of the galvanometer as a function of frequency. A typical record of the 
sound of a 160-cycle buzzer, analyzed by this method, is shown in Fig. 10. 
The inset in the upper right corner is a record of the wave form. It will 
be noted that peaks occur'in the record at frequencies corresponding to 
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Fig. 10. Record of vibration of 160-cycle buzzer, analyzed with electrical analyzer. 
{Weg el and Moore.) 


the harmonics of the fundamental frequency, that is, at 160, 320, 480, 
640, ... up to 4800 cycles. The sound of a buzzer therefore is very 
rich in harmonics, and, because of the abundance of the harmonics, the 
buzzer is a useful source of sound for measuring hearing acuity, or for 
measuring the masking effects of noise. 

Mr. L. P. Delsasso 5 has developed an electromechanical analyzer 
which is very useful for determining frequency components in sustained 



Fig. 11 . Electro-mechanical analyzer. (Delsasso .) 



sounds. The sound is picked up by a microphone, amplified, and im¬ 
pressed upon a sharply resonant vibration electrometer. The resonant 
system consists of a small aluminum needle supported between the plates 
of an electrometer by three fine tungsten wires a h 02 , and a 3 (see Fig. 11). 

»L. P. Delsasso, u A New Acoustic Analyzer,” Jour. Acous. Soc., 3, 167 (July, 
1931). 
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The restoring torque on the needle is made continuously variable, in 
part by the twisting of the suspensions (which are under a controllable 
tension), but largely by the bifilar action of the two lower fibres <h and 
a %; and in this manner the natural frequency of the needle system can 
be sharply tuned to any of the component frequencies in the vibration 
which is impressed upon the analyzer. An analysis of a complex source 
of sound is made by varying the tuning of the needle system throughout 
a wide range of frequencies and observing optically the amplitude of 
vibration of the needle for frequencies corresponding to maximal deflec¬ 
tions. Fig. 12 shows the sound spectrum of the noise produced by two 

GOODYEAR BLIMP VOLUNTEER 

JUNE 17. 1930 

Two 5-Cylinder Engines and 2-Blade Propellers 



Fig. 12. Sound spectrum of noise in the cabin of a Goodyear blimp. ( Delsasso .) 

five-cylinder engines and two-blade propellers in the cabin of the Good¬ 
year Blimp, Volunteer. Other noises, such as those which are in or near 
buildings, can be analyzed by the same method. 

16. Analytical Expressions for a Sound Wave. The vibrations of a 
tuning fork (or of any other sound source that vibrates with simple 
harmonic motion) can be described by a simple trigonometric relation, 
namely, 

a = ao sin (2tiU + 0), (2) 

where a represents the displacement at the time t of the vibrating body 
from its equilibrium position; a 0 the amplitude of vibration; n the fre¬ 
quency of vibration; and 0 the phase angle which gives the location of 
the vibrating body at time t = 0. The wave motion which is propa¬ 
gated from such a vibrating source can be described in terms of two 
variables, the time t and the distance x from the source. Thus, y , the 
instantaneous displacement, or pressure, or velocity of the vibrating 
particles of the medium (usually air) at a time t and at a distance x 
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from the source, can be described by the relation 

y — K x )yo sin 2ir(nt — mx — 0), (3) 

where y 0 is the maximal displacement at the origin, that is, at x = 0; 
f(x) describes how the amplitude of vibration diminishes with the dis¬ 
tance from the origin; m is a constant equal to the frequency of vibra¬ 
tion divided by the velocity of propagation, that is, m is the reciprocal 
of the wave length; and 0 is a phase constant. For a plane wave, that 
is, one which travels as a parallel beam, f(x) is equal to unity, 6 in which 
case the analytical expression for a plane sound wave is 

y = yo sin 2ir(nt — mx — <t>). (4) 

This implies that the wave motion does not diminish in intensity as 
it advances in the direction of x, so long as it continues in the same 
medium. This condition is closely approximated in the propagation 
of plane sound waves which have a frequency of less than 1000 cycles, 
that is, there is no appreciable dissipation of sound energy for low- 
frequency sound waves. (It is necessary to apply a correction for high- 
frequency waves. See Sec. 54.) But when the sound waves encounter 
another medium, as the solid walls of a room, a certain amount of the 
sound energy is dissipated into heat. The behavior of a sound wave 
when it encounters the boundaries of an enclosure is a matter of pre¬ 
eminent importance in determining the acoustical properties of a 
room. For example, such pertinent problems as absorption, trans¬ 
mission, and reflection are determined by the nature of the boundary 
materials of the room. These three phenomena will be the subject of 
a large portion of this book, and it is necessary now that they be clearly 
comprehended. 

17. Reflection, Transmission, and Absorption of Sound. When a 
sound wave strikes the boundary walls of a room, a portion of the inci¬ 
dent sound is refracted and transmitted through the wall, a portion is 
absorbed by the wall, and the remainder is reflected back into the room. 
This is illustrated in Fig. 13, which shows the incident, transmitted, 
and reflected components of a plane wave which has encountered a porous 
material, like hair felt or mineral wool — a material which is free from 
diaphragm action. The sound wave, since it is plane, is of a constant 
amplitude until it strikes the boundary. (If the wave be spherical, as 
is customary in free space, or even in auditoriums, the amplitude would 
vary inversely as the distance from the source.) One portion of the 
plane wave is transmitted through the flexible material, suffering a slight 
refraction, or bending, and a considerable attenuation, and then emerges 
with a constant but reduced amplitude. The other portion of the plane 

• Provided of course that the attenuation in the air be neglected. 
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wave is reflected with a diminished but a constant amplitude. The rela¬ 
tive magnitudes of the absorbed, transmitted, and reflected components 
are dependent primarily upon the nature of the boundary material, but 
the magnitudes may vary for sound waves of different frequencies. 
This matter will be considered later. 

In general, there are changes of phase at the boundary. Thus, the 
rigid walls of a room introduce a change of phase of approximately 180° 
for the reflected component, but no change of phase for the refracted 
ray. For flexible, porous materials the phase changes depend upon 
the rigidity and density of the boundary material. 

The relations exhibited in Fig. 13 are realized only when the wall 
material is a flexible, porous material which does not vibrate as a whole. 
The usual wood, plaster, or masonry walls of a room are set into vibrair 
tion by the impinging sound 
waves, so that the wall vibrates 
like a diaphragm. In fact, most 
of the sound which is communi¬ 
cated from one room to an adja¬ 
cent one is transmitted by means 
of the diaphragm action of the 
walls. Rigid, heavy walls should 
therefore be better insulators of 
sound than flexible, light ones; and 
experience gives abundant evidence 
that this is indeed the case. 

In most building materials, such 
as stone, concrete, or wood, the re¬ 
fracted ray is not attenuated so 
much as it is in porous materials, 
similar to that shown in Fig. 13. 

Everyone who has put his ear 
against the iron rail of a railway Fl °- ** Schematic representation of a 

track to ascertain whether a tram reflection> transmission, and 

is approaching knows that steel, absorption of sound, 
for example, is a very good con¬ 
ductor of sound. When a sound wave is once established in such ma¬ 
terials as stone, concrete, masonry, or even water, it is propagated with 
but very little attenuation. 

It is customary in architectural acoustics to identify the transmitted 
ray with the ray that emerges on the opposite side of the wall, or bound¬ 
ary. In accord with this view, the incident wave splits up into two com¬ 
ponents, the reflected one and the transmitted one. Then, for an ob- 
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server in the room in which the sound originates, the absorbed component 
is simply that portion of the wave which -is not reflected, that is, it rep¬ 
resents that portion of the incident wave which is given up at the bound¬ 
ary, either by absorption in the boundary material or by transmission 
to the medium beyond the boundary. In the following discussion it is 
assumed that the w r all is so massive and rigid that it cannot vibrate as 
a diaphragm, and that the internal resistance of the wall is so small that 
there is no attenuation of the refracted ray in the solid medium. There¬ 
fore all of the incident wave is either reflected or transmitted. 7 If /, 
represent the intensity of the incident ray, I r that of the reflected ray, 
and I t that of the transmitted ray, then I,/1\ is called the coefficient of 
sound reflection, or the reflectivity. It will be designated by /3. Also, 
I t /Ii is called the coefficient of sound transmission, or transmittivity. It 
will be designated by r. In considering the acoustical properties within 
a room, as was stated above, all sound which is not reflected is con¬ 
sidered to be absorbed. The coefficient of sound-absorption, or absorp¬ 
tivity, which will be designated by a, is, in the special case of the massive, 
rigid wall, approximately 1 — 0. That is, it is usually very small, 
and approximates the transmission coefficient r. It should be empha¬ 
sized that this applies only to the assumed ideal rigid wall, which does 
not vibrate and in which there is no internal damping. In case the wall 
does absorb some sound energy, as it always does, a will of course be 
greater than r. In fact, in many porous materials, a may be many 
times greater than r. But for rigid, dense materials a is not much larger 
than r, and consequently the determination of r is of interest not only 
because it indicates the amount of transmitted sound but also because 
it gives the lower limit to the coefficient of sound-absorption. 

It is possible to calculate the approximate values of r and 0 for rigid, 
non-dissipative walls from theoretical considerations of sound waves. 8 
The theory is almost identical with the well-known optical theory of 
plane waves which leads to the Fresnel Equations for normal reflection. 
By introducing in Eq. (4) the boundary conditions, namely that both 
particle velocity and pressure variation be continuous across the bound¬ 
ary, it can be shown that 



7 In problems or measurements which arise in sound-insulation, the transmitted 
wave includes both the emergent refracted ray and the ray produced by the forced 
vibration of the wall. The tranamitted wave as defined in this section refers only to 
the wave which is transmitted into the reflective medium. 

8 See Crandall, “Theory of Vibrating Systems and Sound,” 93-95 (Van Nostrand, 
1926). 
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and that 
Whence 


/ 2 R VR' 4 RR’ 

\W + R) R (R' + Ry ' 

£ + r = 1. 


( 6 ) 

(7) 


R stands for the radiation resistance of the air and R' for the radiation 
resistance of the reflecting material. The radiation resistance of a 
material is an important acoustical constant which is similar to ohmic 
resistance in electrical problems and to the index of refraction in optical 
problems. The radiation resistance of a material is given by the prod¬ 
uct of density of the material and the velocity of sound in the material 9 ; 
or, since the velocity of sound is equal to VfcTp, where k is the compres¬ 
sibility modulus and p the density of the material, the radiation resist¬ 
ance is also equal to \^pk. The values of p and k y or p and the velocity, 
for most standard building materials, can be obtained from dependable 
physical tables. It is therefore possible to determine, with the use of 
(5) and (6), the reflection and transmission coefficients for many ma¬ 
terials. The radiation resistance for air, R f is \fpk = pc = 0.0012 X 
34,400 = 41. This quantity nearly always enters into the calculation 
of reflection or transmission coefficients because we are dealing with 
problems in which the sound originates in the air medium. The values 
of p, c, R' } 0 and r for a number of common materials used in building 
construction are given in Table I. 

The numerical calculations of reflection and transmission coefficients 
for a number of typical building materials indicate that very little sound 
energy in a room penetrates into the solid boundary of the room. For 
example, when a sound wave traveling in air encounters a solid brick wall 
only 0.026 per cent of the sound energy actually penetrates the brick wall, 
whereas 99.974 per cent of it is reflected. When the transmitted wave 
emerges from brick to air, again only 0.026 per cent of the wave will be 
transmitted to the air. Measurements of the sound-insulation supplied 
by rigid walls, such as brick or masonry, indicate that more energy is 
transmitted to the opposite side of the partition than is predicted by 
the calculations given in the preceding paragraph. As has been sug¬ 
gested, the sound energy is transmitted from one room to another prin¬ 
cipally by the diaphragm action of the walls, and only a small percentage 
of the sound which is transmitted from one room to another travels as 
a sound wave through the rigid walls and partitions. The calculated 
amounts of reflected sound, on the basis of the foregoing theory, are in 
fairly good agreement with measured results. Many dense, rigid ma¬ 
terials, like concrete, stone, or steel, actually reflect as much as 99 per 
cent of the sound energy which strikes their surfaces. 

• This is the product which occurred in the denominator of the right-hand member 
of Eq. (1). 
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Table I 


Material 

p in 

Grams per 
Cubic 
Centimeter 

c in 
Meters 
per 

Second 

R' 

0 

\R‘+r) 

T* 

(1-/3) 

Steel . 

7.8 

5000 

3,900,000 

0.99996 

0.00004 

Granite. 

2.7 

3950 

1,067,500 

.99984 

0 00016 

Masonry. 

2.2 

3480 

761,000 

.99978 

0.00022 

Brick. 

1.8 

3600 

■ 

.99974 

0.00026 

Water . 

1.0 

1450 


.99886 

0.00114 

Ash (along fibre).... 

0.75 

4670 


.99954 

0 00046 

Ash (across fibre)... 

0.75 

1390 

WEt- w 

.99842 

0 00158 

Oak (along fibre)... 

0.75 

3850 

277,300 

.99940 

0 00060 

Pine (along fibre)... 

0.84 

3320 


.99940+ 

0 00060— 

Cork. 

0.24 

500 


.98643 

0.01357 

Rubber. 

0.92 

54 

4,975 

.96757 

0.03243 

Air. 

0.0012 

344 

41 

.00000 

1.00000 


* These values of r should not be confused with the coefficients of transmission 
for walls of finite thickness. The values of r in the table give only the fractional 
amount of wave energy transmitted into the medium. 


An inspection of Eq. (5) shows that for a large reflection coefficient 
R' should be large in comparison with R . That is, the reflecting ma¬ 
terial should be very dense and incompressible. On the other hand, 
if 72' become more nearly equal to /?, the reflection coefficient becomes 
smaller and smaller. If R' be equal to R , no sound whatever would be 
reflected. An open window will fulfill these conditions, and hence 
according to this simple theory no sound is reflected from an open win¬ 
dow. Hence, the transmission coefficient and also the absorption co¬ 
efficient of an open window are each equal to unity, as is shown by Eq. 
(6), and as is generally known from experience. A highly absorbent 
material should therefore possess density and compressibility properties 
as nearly like the air as possible. In other words, the material should 
be as light as possible and it should also be readily compressible, if it is 
to possess a high coefficient of sound-absorption. 10 

These fundamental properties of reflection, transmission and absorp¬ 
tion of sound will be helpful in the study and selection of materials for 
controlling the acoustical properties of architectural interiors. For 
example, orchestra shells for concert halls, dance halls, and open-air 

10 Other properties may be utilized to secure high absorptivity in materials, as 
porosity, flexural vibration, etc. These properties will be considered in Chap. VI. 
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theatres should be lined with dense, rigid materials, 11 so that they will 
be efficient reflectors of sound. On the other hand, living and work 
rooms should be lined with porous or compressible materials so that 
they will reflect little and absorb much of the sound. 

18. Echoes. The reflection of sound has certain virtues in acoustics, 
such as the enhancement of loudness and the enrichment of tonal qual¬ 
ity, but if not properly controlled it can be responsible for two of the 
most outstanding defects of good acoustics — echoes and reverberation. 
These two companion offenders are arch enemies of the architect, and, 
although the architect often strives and prays for deliverance from them 
during the design and construction of an auditorium, he is too often the 
victim of these evildoers. 

An echo is produced when a direct and a reflected sound wave, com¬ 
ing from the same source, arrive at the ear with a time interval in excess 
of about one seventeenth of a second. Since the speed of sound is 
about 1125 feet per second, it will travel about 66 feet in one seventeenth 
of a second. Consequently, if the shortest distance from a source of 
sound to a listener be shorter by 66 feet or more than the path taken 
by the reflected sound from source to listener, the reflected sound will 
be heard as an echo. 

There are many interesting types of echoes, some of which occur in 
buildings and others out-of-doors. Some of these echoes intrigue the 
imagination; and often very bizarre superstitions have been associated 
with them. For example, thunder was formerly regarded as the an¬ 
gered voice of the gods, but every schoolboy now knows that it is a 
succession of echoes or reverberations between neighboring clouds or 
between clouds and earth, all originating from the initial “ clap ” which 
accompanied the flash of lightning. Reflected sounds from great dis¬ 
tances, especially in quiet, mountainous regions, are often attended by 
peculiarities, sometimes musical and often mysterious. Tyndall records 
some remarkable instances of echoes, from which the following is quoted: 

“ Visitors to Killarney will remember the fine echo in the Gap of 
Dunloe. When a trumpet is sounded in the proper place in the Gap, 
the sonorous waves reach the ear in succession after one, two, three, or 
more reflections from the adjacent cliffs, and thus die away in the sweet¬ 
est cadences. There is a deep cul-de-$ac y called the Ochsenthal, formed 
by the great cliffs of the Engelhorner, near Rosenlaui, in Switzerland, 
where the echoes warble in a wonderful manner. The sound of the 
Alpine horn, echoed from the rocks of the Wetterhorn or the Jungfrau, 

11 The resonant properties of materials must also be considered in choosing materials 
for orchestra shells. Such materials as thin wood paneling and plaster on lath are 
sufficiently dense and rigid, and at the same time have desirable resonant properties. 
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is in the first instance heard roughly. But by successive reflections the 
notes are rendered more soft and flute-like, the gradual diminution of 
intensity giving the impression that the source of sound is retreating 
farther and farther into the solitudes of ice and snow.” 

There are a number of musical echoes which can be observed in colise¬ 
ums and open-air theatres. In a coliseum with concrete seats or benches 
in successive steps surrounding the entire athletic field, as the Coliseum 
at Exposition Park in Los Angeles, sound originating on one side of 
the empty Coliseum is reflected from the other side with a characteristic 
musical tone of low pitch. The pitch is determined by the horizontal 
distance between the successive vertical risers of the concrete seats. 
The distance between the two sides of the Coliseum is of the order of 600 
or 700 feet, so that the reflected sound is delayed more than a second. 
Further, the echo is sustained for nearly a second because the reflecting 
surfaces become further and further away as the direct wave approaches 
the more remote and upper seats. Similar reflections occur in the Greek 
Theatre at the University of California, Berkeley, and in the Hollywood 
Bowl, Los Angeles. These echoes disappear when the scats are occu¬ 
pied with an audience because the reflecting surfaces are then covered 
with a highly absorptive surface. Reflections from picket fences, the 
steps of stairways, or even from the trees of the forest, will often be of 
this musical character, owing to the regularity in the spacing of the 
reflective surfaces. The phenomena are explained by a combination of 
the effects of reflection, diffraction, and interference. Interference and 
diffraction effects will be considered at some length in Secs. 21 and 23. 

In large rooms with unbroken wall and ceiling surfaces, echoes are of 
common occurrence. If one stands between the parallel walls of any 
large room a whole series of echoes will follow the production of any 
impulsive sound, as that produced by clapping the hands. The sound 
is successively reflected back and forth between the parallel walls, pro¬ 
ducing a flutter which gradually diminishes with successive reflections. 
Curved surfaces, which are capable of converging sound to a focus, 
often produce very distinct and troublesome echoes. A spherical dome, 
with a radius of curvature greater than about 35 feet and with its centre 
of curvature near the floor level, provides an outstanding type of struc¬ 
ture for producing an echo. Any sound originating at the centre of curv¬ 
ature of the domed ceiling is reflected back to this same point, or sounds 
originating in many parts of the building are reflected to conjugate 
foci, 12 and in each case the reflected sound is delayed long enough to be 

“ 1° order that the sound be brought to a sharp focus, it is necessary that the wave 
length be small in comparison with the radius of curvature of the concave surface. 
In general, the wave lengths of ordinary sound are not short enough to produce sound 
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distinctly separated from the direct sound. Further, because of the 
converging effect which the dome imposes upon the reflected sound, the 
echo may be as loud as or even louder than the original sound. Examples 
of this type of domed structure, which became so popular in the nine¬ 
teenth century, abound in almost every community; and nearly every¬ 
one has experienced the peculiar effect of having his own voice, aped 
with insolent mimicry, thrown back at him from domed or cylindrical 
surfaces in large monumental buildings. Obviously, structures which 
inherently possess such reflecting surfaces should be avoided, or the 
surfaces should be treated in such a manner as will eliminate these 
disturbing reflections. 

19. Whispering Galleries. A phenomenon closely associated with 
the reflections from curved surfaces is the tendency for sound, especially 
high-pitched sound, to travel or “ creep ” around a large concave 
surface. This phenomenon has become famous in connection with 
St. Paul’s Cathedral in London, and can be observed in many other 
concave structures. A whisper directed along such a concave surface 
may be heard distinctly at least 200 feet away. The new shell for the 
Hollywood Bowl (see Fig. 229), which is made up of one half of a trun¬ 
cated right circular cone, has a series of large triangular grooves which 
extend along the entire semicircular span of the shell. Two persons 
standing at the opposite ends of one of these grooves, although 90 feet 
apart (measured across the stage), can carry on a whispered conversa¬ 
tion even when there is loud conversation on other parts of the stage. 
Rayleigh 13 , referring to St. Paul’s whispering gallery, states that the 
“ whisper seems to creep around the gallery horizontally, not neces¬ 
sarily along the shorter arc, but rather along that arc toward which the 
whisperer faces.” He ascribes this to the “ very unequal audibility of 
a whisper in front of and behind the speaker,” a phenomenon which is 
well known and which results from the marked directional effect of the 
high-frequency vibrations which comprise whispered speech. Ray¬ 
leigh’s explanation of this phenomenon predicts, and Raman and Suther¬ 
land’s 14 experiments in St. Paul’s show, that the whispered sound, for 
the most part, is concentrated in a narrow band skirting the circular 
base of the dome, and that the thickness of this band decreases with 
diminishing wave length. Impulsive sounds, such as hand clapping, 

images in the optical sense — the image usually consists of the central “bright” 
spot surrounded by the characteristic diffraction rings. Nevertheless, large concave 
surfaces are very potent in converging reflected sound, and the application of the laws 
of geometrical optics to reflections of sound is very helpful in describing the action 
of sound in closed spaces. 

ls “Theory of Sound,” 2, 127 (The Macmillan Company, London, 1926). 

14 C. V. Raman and G. A. Sutherland, Nature, 108, 42 (September 8, 1921). 
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will travel around the gallery several times, and the succession of the 
impulsive sounds will be separated by time intervals equal to the time 
required for sound to travel around the circumference of the gallery. 

Similar effects can be observed in nearly every circular or elliptical 
structure where the curved surfaces are continuous for long distances, 
and although the phenomenon is often quite harmless from the stand¬ 
point of good acoustics it may under certain circumstances become a real 
trouble maker. It is good practice to avoid shapes which are likely to 
become whispering galleries, especially in music rooms and in rooms 
where speech may originate from vulnerable positions. 

20. Reverberation. Any sound which originates in, or enters, a 
closed space is successively reflected back and forth, to and fro, and up 
and down by the boundaries of the enclosed space. These multitudinous 
reflections produce a definite persistence of every sound within the closed 
space even after the source of sound has been stopped. If the enclosed 
space be a large and empty room constructed of dense, rigid boundaries, 
the multiple reflections may prolong the audibility of the sound several 
seconds after the source of sound is stopped. Such a prolongation of 
reflected sound in a room is called reverberation. Although a limited 
amount of reverberation is desirable in most rooms, it is safe to say that 
excessive reverberation is responsible for at least 90 per cent of the acous¬ 
tical defects which have marred otherwise faultless buildings. For 
example, scores of famous cathedrals in Europe, such as St. Peter’s 
(Rome), St. Paul’s (London), Milan and Cologne, are so very reverber¬ 
ant that a chord sounded by the organ may remain audible 10 to 15 
seconds after the organ is stopped. Nor is it necessary to seek far from 
one’s home town to find similar examples, even in recently erected build¬ 
ings. One of the most extreme examples was exhibited in a recently 
completed reading room in Los Angeles; a loud shout remained audible 
in this room, when empty and unfurnished, for 25 seconds — and this 
result could have been predicted by a ten-minute calculation in advance 
of construction! It is of course impossible to carry on a conversation 
in such a room, and every noise generated in or near the room seems to 
be magnified at least tenfold. The successive components of speech 
in such a room are confused into an utterly unintelligible hodge-podge. 
And in such a room music becomes a confused and discordant conglomer- 
ation of sound. In a recently completed church auditorium of modern 
design the reverberation was so excessive even during construction that 
the plasterer on the scaffolding could not make himself understood by 
the hod carrier below. Here indeed was a modern Tower of Babel. 
These examples, together with the many others every reader must have 
observed, will suffice to demonstrate that excessive reverberation is one 
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of the most damaging and annoying defects which may be inflicted 
upon an auditorium. 

The imperative necessity for the proper control of reverberation in 
acoustical design has established a standard of measure which has be¬ 
come almost universally accepted. This standard is called the time of 
reverberation. The time of reverberation in a room is the time required 
for a specified sound to die away to one millionth of its initial intensity. 
The specified sound is usually a pure tone of 512 cycles, and has an in¬ 
tensity equal to one million times the intensity of a tone of that frequency 
which is just barely audible. A decay in intensity of sound of one million 
fold may seem like an enormous decay, but it will be shown in the fol¬ 
lowing chapter that the ordinary sounds of speech and music in a small 
room are of an intensity of about one million times the intensity which 
is just barely audible, so that the time of reverberation is approximately 
a measure of the duration of audibility of average sounds in a quiet 
room. It is possible therefore to make a rough measure of the time 
of reverberation in a quiet room by singing a fairly loud note and measur¬ 
ing the time that the note remains audible. If any noise be present in 
the room, a suitable correction must be made. 

The subject of reverberation is so pertinent to good acoustics that an 
entire subsequent chapter will be devoted to the nature, control, and 
measurement of reverberation. 

21. Combination of Sound Waves. The waves of sound, like the 
waves of water and light, combine to produce a variety of phenomena. 
Reenforcement, interference, resonance, beats, and tonal quality are 
a few of the more important phenomena resulting from the combination 
of sound waves. These phenomena are basic in understanding and con¬ 
trolling the acoustical problems in buildings. 

When two or more wave motions of the same frequency combine, 
they produce a wave motion of the same frequency as those of the 
component waves, but the amplitude may vary from zero to the sum of 
the amplitudes of all the component waves. The resulting amplitude 
depends not only upon the component amplitudes but also upon the 
phase relations of the component waves. If all waves unite in the same 
phase, that is, if condensations unite with condensations and rarefac¬ 
tions unite with rarefactions, the separate wave motions conspire to 
produce a wave motion having an amplitude equal to the sum of the 
amplitudes of the component motions. This is illustrated diagrammati- 
cally in Fig. 14, which shows three component wave motions a, b and c, 
all in phase, and the resultant wave motion R . On the other hand, 
if two wave motions unite with opposite phase, that is, if condensations 
unite with rarefactions, the separate wave motions oppose each other in 
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(R) 



Fig. 14. Composition of three S.H.M.’s of the same frequency and phase. 



Fig. 15. Composition of two S.H.M.’s of the same frequency but opposite phase. 



Fig. 16. Trombone arrangement for exhibiting interference and reenforcement of 
sound waves. 
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such a manner that the amplitude of the resulting wave motion is the 
difference of the two component wave motions. This is illustrated in 
Fig. 15, which shows two component wave motions a and b in opposite 
phase, and the resultant R. An interesting demonstration of the man¬ 
ner in which two sound waves may unite can be given by means of the 
apparatus shown schematically in Fig. 16. A sound wave entering the 
trombone arrangement at A bifurcates, one component going around by 
tube D which is of fixed length, and the other component going around 
the tube C which is of adjustable length. The two components unite 
and emerge at B . If the lengths of the paths by way of C and D are 
equal, the two components meet in phase, producing a reenforcement or 
augmentation of the sound. But if the length of path C exceeds that of 
path D by a half wave length, or any odd multiple of half wave lengths, 



Fig. 17. Composition of three S.II.M.’s of the same frequency and amplitude but 


random phase. 

the two components meet out of phase, producing an interference or 
marked diminution of loudness. In order to make a good demonstra¬ 
tion, the sound entering at A should be a pure tone, and it should be 
wholly confined to the tube, so that no sound reaches the ears except 
that which has traveled through the tubes. A telephone receiver, or 
dynamic speaker, sealed to A, and actuated by a pure sine wave cur¬ 
rent, from a vacuum-tube oscillator, is a very good source of sound. In 
the absence of an oscillator, a tuning fork with a megaphone will serve 
satisfactorily. A horn of a loud speaker attached at B will greatly in¬ 
crease the loudness of the emergent tone. 

If a number of wave motions of the same frequency meet with random 
phase relations, the resulting motion will be similar to that shown in 
Fig. 17, which shows three component vibrations and the resultant. 
This case is similar to, but simpler than, the actual combinations of 
reflected sound waves which occur in rooms. At one position in the 
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room the waves may meet as is illustrated in Fig. 17, except that there 
may be fifty or more instead of three components. In another position 
they may meet with different phases and amplitudes, and consequently 
the resultant will be different. As a result, the amplitude of the com¬ 
posed sound waves will differ greatly in different positions in the room, 
varying from nearly zero to the sum of the amplitudes of all uniting 
components. (See Fig. 6.) This can be demonstrated very impres¬ 
sively by moving about in a reverberant, rectangular room in which a 
sustained tone is sounding. In certain positions in the room the tone 
will sound almost painfully loud, whereas in other positions the same 
tone will be almost inaudible. If one walks about in the room, a suc¬ 
cession of prominent maxima and minima will be recognized, and they 
will be found to be spaced at regular intervals, depending upon the fre¬ 
quency or wave length of the tone. Measurements of the intensity of 
a pure tone in a reverberant room show that the intensity may vary 
from point to point as much as one hundred fold. 15 Obviously, this de¬ 
pendence of intensity upon position in a room has an important bearing 
upon the quality of speech or music in that room. At any one position 
in the room, certain frequency components are over-emphasized while 
others are greatly suppressed, depending upon the amplitude and phase 
relations of the various reflected components which reach the ear. 
It might appear that the effect would be utterly ruinous to the quality 
of sound in a room, but the nature of hearing is such that rather large 
and serious physical distortions of sound can be tolerated without 
appreciable impairment of quality. However, for perfect reproduc¬ 
tion of speech or music, it is necessary that the room be relatively free 
from all distorting factors, including the distortion which results from 
interference. 

The combination of sound waves having the same frequency is the 
type of combination which most concerns the problem of acoustics in 
buildings, but there are two other types of combination which should 
be considered briefly: the combination of two sound waves of nearly 
the same frequency; and the combination of a number of sound waves 
having frequencies which are integral multiples of a single frequency 
called the fundamental. The first type is of general interest because it 
gives rise to the familiar phenomenon of beats; and it is of special inter¬ 
est in architectural acoustics because it illustrates how the phase rela¬ 
tions of combining sound waves affect the resultant sound wave, and 
also because the principle of beats is utilized in beat frequency oscilla¬ 
tors which are being used more and more in acoustical measurements. 

“For a theoretical consideration of the uniting of isoperiodic waves of random 
phase relations see Rayleigh, “ Theory of Sound,” 1, 35-42. 
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A graphical representation of the combination of two sound waves of 
nearly the same frequency is shown in Fig. 18. The resulting sound 
wave has a frequency intermediate between the two component fre¬ 
quencies and an amplitude which varies periodically from the difference 
to the sum of the amplitudes of the two component frequencies. When 
the two components are in phase the amplitude is a maximum, equal to 
the sum of the two component amplitudes; and when the two com¬ 
ponents are out of phase the resultant amplitude is a minimum, equal 



Fig. 18. Composition of two S.H.M.'s of nearly the same frequency. Beats. 


to the difference between the amplitudes of the two component frequen¬ 
cies. The number of maxima or minima which occur per second* is 
called the beat or heterodyne frequency, and is equal to the difference 


between the frequencies of the two 
combining sound waves. The two 
component waves in Fig. 18 unite 
with all possible phase differences, 
between complete agreement and 
complete disagreement, and the 
resultant shows clearly the impor¬ 
tant role of phase in the combina¬ 
tion of sound waves of the same or 
nearly the same frequency. 

A graphical representation of the 
combination of three harmonic 
sound waves is shown in Fig. 19. 16 
This illustrates an analysis of a 
violin tone, shown at the top of the 
figure, into its three harmonic com¬ 
ponents. The frequencies of the th 



Fig. 19. Combination of three S.H.M.’s 
having commensurate frequencies. 
(D. C. Miller.) 


components are in the ratio of 


16 Taken from D. C. Miller's “The Science of Musical Sounds,” 103 (The Macmillan 
Company, 1910). 
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1:2:3, and the amplitudes and phases of the three components are 
shown in the figure. If the corresponding ordinates of the three com¬ 
ponents be added, the sums will give the ordinates of the original wave 
at the top of the figure. The original wave, which is periodic, has the 
same frequency as that of the gravest or fundamental component. 
Other periodic wave forms can be analyzed into their harmonic com¬ 
ponents; or conversely, other combinations of harmonic components 
can be composed into an infinite variety of wave forms. In general, 
the wave form resulting from any combination of harmonic components 
is determined by the number, prominence, and phase relations of the 
combining components. Thus, if only the phase relations among the 
three components shown in Fig. 19 were altered, the resultant wave 
form also would be altered. 

The analysis of periodic waves into .their harmonic components can 
be accomplished by methods and devices based upon Fourier series, 
or, in the case of sustained electrical or acoustical vibrations, by harmonic 
analyzers of the type described in Sec. 15. The syntheses of harmonic 
sound waves into complex waves, and the analyses of complex waves 
into their simple harmonic components, comprise the physical basis 
for the important subject of the quality of sound, which will be more 
fully discussed in the following two chapters. 

22. Simple Laws of Reflection and Refraction of Sound. The reflec¬ 
tion and refraction of sound conform to the familiar laws of reflection and 

refraction of light. In the case of 
sound and light, provided the reflect¬ 
ing or refracting surfaces be large 
compared with the wave length, (1) 
the reflected ray lies in the plane of 
incidence, and the angle of reflection 
equals the angle of incidence; and (2) 
the refracted ray lies in the plane of 
incidence, and the ratio between the 
sine of the angle of incidence and 
the sine of the angle of refraction is 
a constant. This constant is called 
the index of refraction, and is equal 
to the ratio of the velocities of 
propagation in the incident and refractive media. By referring to 
Fig. 20, these two laws may be formulated: 

Law of reflection, zi = z*', 

Law of refraction, t = m = 
sin zr V 2 



Fia. 20. Reflection and refraction of 
sound showing angles of reflection 
and refraction. 


( 8 ) 

(9) 
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where Vi and v 2 are the velocities of propagation in the incident and re¬ 
fractive media, respectively, and y is the index of refraction from the 
upper to the lower medium. Frequent use of the law of reflection is 
made in investigating shapes of proposed auditoriums, and occasional 
use of the law of refraction is made in studying the propagation of sound 
in the atmosphere where changes of temperature, density, and humidity 
affect the paths of sound rays. It should be remembered that many 
surfaces in rooms are not large in comparison with the wave lengths of 
sound, especially low-pitched sound, and therefore caution must be 
exercised in applying the simple law of reflection to the problem of 
determining the reflected rays of sound in an enclosed space. Large, 
smooth wall or ceiling surfaces will reflect sound such that the angle of 
the reflected ray equals the angle of the incident ray, but windows, 
doors, pilasters, beams, coffers, or any form of relief ornamentation in 
rooms will introduce diffraction phenomena that will greatly alter the 
nature of the reflected sound. The nature of these diffraction phenom¬ 
ena will be considered in the following section. 

Reflections of sound from a plane, a concave, and a convex surface 
are shown in Fig. 21. Positions of the direct and reflected wave fronts 



Fia. 21. Reflections from a plane, a concave, and a convex surface. The dotted 
lines show the paths and wave fronts of the reflected sound. 


are shown after the direct wave has advanced from its origin P a dis¬ 
tance PC. 

23. Diffraction of Sound. In the preceding sections there have been 
discussed many of the basic principles of sound, such as reflection, trans¬ 
mission, absorption, and the combination of waves, all of which have 
analogies in the subject of light. The rectilinear propagation of light 
gives rise to that branch of optics called geometrical optics, and recti¬ 
linear propagation accounts for the sharp shadows and images which 
can be formed by light. For example, light coming through a small 
opening in a door is confined to a narrow beam of about the same shape 
as the opening. If sound comes through the same opening, it spreads 
out almost uniformly throughout the entire room. This bending of 
sound as it passes through an opening, or by an obstacle, is called 
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diffraction. It would appear that, in respect to diffraction, light and 
sound behave very differently. Indeed, because of the pronounced 
diffraction of sound, it may seem on first thought that it would be of 
little value to the study of architectural acoustics to develop a branch 
of geometrical acoustics along the lines of geometrical optics — that is, 
to proceed with the assumption that sound rays always travel along 
straight lines, and obey the simple law of reflection stated in the preced¬ 
ing section. On the contrary, these simple laws of reflection are of 
prime importance in investigating acoustical problems provided one 
recognizes the limitations imposed by diffraction. Both theory and 
experiment show that sound and light behave very much alike provided 
the openings and obstacles in the sound field are in the same proportions 
to the wave length of sound as the openings and obstacles in the light 
field are to the wave lengths of light. Light waves have wave lengths 
of the order of 0.000015 to 0.000030 inch, whereas sound waves have 
wave lengths of the order of 0.06 to 60 feet. It is principally because of 
this great disparity in the wave lengths of sound and light that we usually 
observe that light travels in straight lines through openings and past 
obstacles, whereas sound spreads out very considerably under the same 
circumstances. If the openings and obstacles in either a sound field or 
a light field are large in comparison with the wave length, the same laws 
apply to either acoustics or optics. That is, the laws of geometrical 
acoustics will be the same as the laws of geometrical optics. Thus, 
high-frequency sound will produce sharp shadows or images, or will 
travel through an opening, as an open door or window, in the same man¬ 
ner that light does. It is possible to reflect high-frequency sound, by 
means, of a parabolic reflector, in a concentrated beam which diverges 
but very little. 17 On the other hand, low-frequency sound, that is, 
sound having a long wave length, in coming through a door or out of 
the horn of a loud speaker would spread out in all directions, or in being 
reflected from a parabolic reflector of ordinary size would spread out or 
diverge in all directions. Diffraction of sound occurs whenever sound 
. passes through openings or is reflected by surfaces which are not large 
in comparison with the wave length of the sound. It is important that 
the student of architectural acoustics be familiar with this phenomenon, 
and consequently it will be discussed in some detail. Many mistakes 
are made in the acoustical design of buildings because it is assumed that 
sound will be reflected in the same manner as light. If the reflecting 
surfaces are very large, say 10 to 100 feet in extent, sound will be re¬ 
flected regularly, like light; but if the reflecting surfaces are only a few 

17 The divergence is proportional to sin 0.61 l/r, where l is the wave length of the 
sound and r is the radius of the reflector. 
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feet in extent the reflections will be very much modified by sound dif¬ 
fraction. 

Three cases of the diffraction of sound will be considered: (1) the trans¬ 
mission of a parallel beam of sound through a small opening; (2) the 
transmission of a parallel beam through a large opening; and (3) the 
transmission of a parrallel beam through an opening comparable in 
size with the wave length of sound. The first case is illustrated in Fig. 22. 
A parallel beam of sound falls upon a very large surface in which there 
is an opening o, small in comparison with the wave length of the sound. 
According to the Huyghens , principle, which states that the wave front 
at any instant may be regarded as a source for secondary waves, the 


opening o may be regarded as a new point 
source for sound, from which the sound spreads 
out as a spherical wave. Whereas the sound 

wave was a parallel, non-diverging wave before \ \ 

it reached the small opening, the emergent °y ) ) I ) 

sound beyond the opening diverges approxi- yj J J J 

mately as a spherical wave. If the opening ^yy J 

be very small in comparison with the wave — y/ 

length of the sound, the spreading out is uni- 

form in all directions, that is, the intensity of Fig - 22 - Diffraction of 
sound in the emergent beam is the same in all ope^ng. * * 

directions. Many of the openings which are 

found in buildings, such as cracks around doors, or the openings from 
ventilating ducts, or open passageways, are so small that the diffraction 





of sound — at least of low frequency — com¬ 
ing through these openings is similar to the 
case illustrated in Fig. 22. 

On the other hand, a large opening, such 
as the proscenium opening between the stage 
and the main part of an auditorium, allows 
considerable rectilinear propagation of sound 
through the opening, and there is only a rela¬ 
tively small amount of diffraction around the 
edges of the opening. This is illustrated in 
Fig. 23, which shows how a parallel beam of 
sound is propagated through an opening which 
is large in comparison with the wave length of 


Fia. 23. Diffraction of sound 
passing through a large 
opening. 


the sound. In this case a large portion of the 
beam of sound continues in its parallel motion 
through the opening but there is a slight bend¬ 


ing toward the edges, as is illustrated by the lines at the right of the 
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opening, which represent the wave front of the emergent sound. The 
extent of the bending is determined by the relation of the wave length to 
the size of the opening. If the opening be many times larger than the 
wave length, the propagation is essentially rectilinear, that is, there is 
very little bending around the edges. 

The diffracted sound shown in Fig. 23 falls off in intensity with the 
extent of its divergence from the parallel beam, but it does not fall oflF 
uniformly. Instead, the diffracted sound surrounding the rectilinear 
beam consists of the characteristic succession of alternate maxima and 
minima, which gradually merge and fade to an insignificant intensity 
at a considerable divergence from the rectilinear beam. The distribu¬ 
tion of the diffracted sound in successive maxima and minima can be 
explained by considering the sound which reaches the point P from all 
points of the wave front along the opening AB. If, in accordance with 
the Huyghens’ principle, the separate wavelets coming from AB to 
the point P meet in such phase relations as to conspire, there will be a 
maximal intensity at P; if they meet in such phase relations as to inter¬ 
fere, there will be a minimal intensity. If the opening A B be small in 
comparison with the wave length of the sound, the intensity at any 
point outside of the rectilinear beam, such as P, cannot be zero, since all 
the wavelets coming from AB travel nearly the same distance in reach¬ 
ing P and therefore they unite in nearly the same phase. There will 

be a slight falling off in the intensity 
of the diffracted sound as it diverges 
from the rectilinear portion, but if the 
opening be very narrow the distribu¬ 
tion approaches uniformity; and in 
the limit of an infinitesimally small 
opening, as is assumed in Fig. 22, the 
distribution is uniform. On the 
other hand, as the opening becomes 
very large in comparison with the 
wave length of the sound, the en¬ 
tire plane wave is propagated 
through the opening as a rectilinear 
beam, and the diffraction effect be- 
Fig. 24. Diffraction of a pure tone of comes more and more negligible. 

512 cycles passing through an open- Finally, let us consider the prop- 
ing4feet wide. The curve shows the agation of a plane waye of MUnd 
intensity distribution of the trans- ,, , . , . , . 

mitted and diffracted beam of sound. thrOU « h an aperture which has a 

width equal to, say, twice the wave 

length of the sound. Such a case is represented in Fig. 24. For a pure 
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tone of 512 cycles, the opening would be about 4 feet wide. The inten¬ 
sity distribution of the diffracted sound at a distance of about 5 feet behind 
the opening is indicated in the upper part of the figure. Only the first 
secondary maxima are shown on either side of the primary beam. It 
will be seen that the intensity distribution in the beam has been markedly 
altered by the diffraction of the opening A B, which in this case is twice 
as wide as the wave length of the sound. In all cases of the diffraction 
of sound in passing through openings the intensity distribution will be 
somewhat similar to that shown in Fig. 24 — the exact distribution de¬ 
pending upon the wave length of the sound, the size and shape of the 
opening, and the distance from the opening. 

Since the wave lengths of sound vary from 0.06 to 60 feet, that is, a 
thousand fold, the diffraction of sound is very much dependent upon 
the frequency or wave length of the sound, and diffraction may be marked 
for some frequencies and negligible for others. An opening which is 
small for the lowest frequencies of sound, which may have wave lengths 
as long as 60 feet, may be large for the highest frequencies, which may 
have wave lengths as small as 0.06 foot. For example, a 3-foot door 
opening would be small compared with a 60-foot sound wave, and 
therefore such low-frequency sound would be very much diffracted in 
going through the door, the emergent sound spreading out almost uni¬ 
formly in all directions; whereas this same door opening would be very 
large compared with a 0.06-foot sound wave, and therefore such high- 
frequency sound would be transmitted through the door almost recti- 
linearly, with but very little diffraction. Obviously, complex sounds, 
such as are used in speech and music, which are made up of a wide range 
of frequencies, are peculiarly diffracted because the low-frequency com¬ 
ponents will diverge widely, and the high-frequency components will 
continue in their rectilinear beam. This is strikingly demonstrated in 
the radiation of sound from the horn of a loud speaker, such as is used 
for reproducing sound in the motion-picture theatre. If a listener sits 
near the axis of the projecting horn, he will hear plainly both the high- 
and low-frequency components, and the reproduction ordinarily will 
sound very good; but if he sits far away from the axis of the horn, he 
will observe a noticeable diminution of the high-frequency components, 
and the quality will therefore be considerably impaired. The dimensions 
of the horn are small compared with the wave lengths of the low- 
frequency components of speech or music, and consequently these com¬ 
ponents spread out almost as spherical waves. On the other hand, 
the horn is large compared with the wave lengths of the high-frequency 
components; and consequently these components are only slightly dif¬ 
fracted, and are concentrated along the axis of the horn. Obviously, 
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such diffraction effects have an important bearing upon the quality of 
both speech and music. 

We have discussed the phenomena of diffraction primarily with refer¬ 
ence to the transmission of sound through openings. Equally impor¬ 
tant, or perhaps of even greater importance, in architectural acoustics, 
are the diffraction effects which accompany the reflection of sound. 
The architectural and decorative treatment of rooms, such as beams, 
trusses, pilasters, and ornamental plaster, results in regular or irregular 
breaks or discontinuities in the boundaries of the room, and conse¬ 
quently the interiors of most rooms are of such a nature as to introduce 
complicated diffraction phenomena. As an instance of how sound is 
reflected and refracted from a broken surface, such as the coffers in a 
ceiling, a spark photograph obtained from a model of an auditorium 



Fiq. 25. Spark photograph showing reflection and diffraction from a coffered ceiling. 
Royce auditorium, University of California at Los Angeles. 


is shown in Fig. 25. An inspection of this photograph will show that 
the many wavelets originating at the ribs of the coffers cannot be ex¬ 
plained on the basis of the simple laws of reflection, but that they are 
readily accounted for by diffraction. The diffraction from the project¬ 
ing ribs is similar to the diffraction through small openings: the edges 
of the ribs of the coffers are small in comparison with the wave length 
of the sound, and therefore these edges become secondary sources, and 
diffract or diffuse the sound in the same manner as though the sound 
originated at these edges. 
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Sufficient has been said concerning the phenomena of diffraction to 
demonstrate that the simple laws of reflection are wholly inadequate to 
predict the behavior of sound in architectural interiors. If the surfaces 
are smooth and plane, the laws of reflection will give a fair approxima¬ 
tion to the actual behavior, but the usual architectural treatment of 
the room introduces broken surfaces which greatly affect the distribu¬ 
tion of reflected sound in a room. The most satisfactory method of 
investigating these diffraction effects consists of obtaining spark photo¬ 
graphs of sound waves traveling through model sections of the audito¬ 
rium. This method will be considered in greater detail in Sec. 29. It 
is often possible, however, to determine the principal effects of reflec¬ 
tion and diffraction from a study of the plans and sections, based upon 
the simple laws of reflection or the theory of acoustical images. 

24. Acoustical Images. Although acoustical images are in general 
not so sharply defined as optical images, nevertheless the use of acousti¬ 
cal images is of considerable help in investigating the action of sound in 
interiors. If a point source of sound be located in front of an extended 
plane reflecting surface, as the wall 
of a room, it may be regarded as ** 

having a point image behind the 
wall, on the projection of the per¬ 
pendicular drawn from the point- 
source to the wall and at a distance 
behind the wall equal to the dis¬ 
tance from the wall to the point- 
source. Further, if the wall have 
a high coefficient of reflection (hard 
plaster, concrete, and masonry re¬ 
flect 97 to 99 per cent of the in¬ 
cident sound energy)^ the image 
will have a “ strength ” almost 
equal to the source, and in the 
case of all rigid reflectors such as 
are encountered in buildings the 
phase of the waves from the image 
will agree with the phase of the 
waves from the source, so that the 
resultant effect in the room will be the sum of the effects owing to both 
the source and its image. 

In Fig. 26 are shown the three images from three near-by walls for a 
point source of sound in a rectangular room. The primary and reflected 
waves are shown as they would be, neglecting diffraction, at the instant 


./i 



Fia. 26. The three nearest images of a 
source of sound S near the three walls 
of a rectangular room, and the reflections 
resulting from these three images. 
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the primary wave has advanced to the position ab. There will be other 
similar images from the other end wall, the floor, and the ceiling; these 
images will then have second, third, and higher order images, all of which 
will contribute to the sound energy in the room. Usually, however, in 
architectural acoustics, the first order images are the ones of prime im¬ 
portance, and it is rarely necessary to consider higher orders than the 
second in determining the most favorable reflecting surfaces for 
architectural interiors. If the reflected wave from be sufficiently 
close behind the primary wave ab — closer than about 55 feet — it will 
provide a beneficial reenforcement of sound; but if it be delayed more 
than about 55 feet it will produce an interfering effect, and if it be de¬ 
layed as much as 66 feet it will be heard as an echo. The same applies 
to all other reflected waves. Thus, the reflected waves from / 2 and / 3 
will be beneficial for auditors seated near the side walls, but in very large 
auditoriums they may constitute an interference in the central part of 

the auditorium. For this reason 
the central seats on the main 
floor of an auditorium may be 
very poor seats for hearing. 

In Fig. 27 the primary wave 
is shown at two successive posi¬ 
tions, namely at ab and at a'b' } 
represented by heavy lines. The 
reflected waves are represented 
by lighter lines, and typical 
effects of diffraction from the 
edge of the opening o and from 
the projecting corner o' are rep¬ 
resented by dotted lines. The 
points o and o' are thus seen to 
become secondary sources for the 
diffracted sound. There are of course many other reflected and dif¬ 
fracted waves, but the ones which have been drawn in Fig. 27 are suffi¬ 
cient to indicate the use of images in studying the action of sound in 
rooms. 

25. Resonance. There has been a tendency, especially among those 
who are not acquainted with the fundamentals of physics, to confuse 
resonance with reverberation. Many persons, including some musicians, 
speak of a room as having too much resonance, whereas the complaint 
of which they speak is excessive reverberation. Reverberation has been 
defined as the persistence of sound in a room after the source is stopped. 
Reverberation results from the multitudinous reflections of sound from 



./ 2 

Fig. 27. Geometrical representation of re¬ 
flected and diffracted sound waves. 
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the boundaries of the room, and may exist independently of the vibra¬ 
tory properties of the walls or objects within the room. Resonance) as 
defined and used in physics, is a phenomenon which results from the 
coincidence or synchronization of the free vibrations of a body and vibrar 
tions which are forced or impressed upon that body. The free or nat¬ 
ural vibrations are excited by external forces, but principally by periodic 
vibrations of the same frequency as the free or natural vibrations of the 
resonating body. When these external vibrations are of the same fre¬ 
quency as the frequency of one of the free or natural vibrations of the 
body, the response of the vibrating body is very pronounced; that is, 
the body is said to resonate at this particular frequency. The most 
familiar example of resonance is very well demonstrated by two tuning 
forks mounted on separate boxes, both forks being carefully tuned to the 
same frequency. If the two forks be separated by a distance of about 
10 feet or less, it is possible to excite “ sympathetic ” vibrations in one 
fork by the vibrations of the other. Thus, if one of the forks be set into 
vigorous vibration and then stopped, it will be observed that the other 
fork will have been excited into sympathetic or resonant vibration. If 
the tuning of either fork be slightly altered, so that the forks differ ever 
so slightly in frequency, the resonant phenomenon is greatly diminished, 
and it disappears almost completely when the two forks differ in pitch 
as much as a semitone. This same phenomenon of resonance is demon¬ 
strated every time one tunes in a radio station on a radio receiver set. 
In this case, the free or natural frequency of the receiving apparatus is 
adjusted to coincide with the radio or carrier frequency of any particular 
station. 

Many objects in a room respond on this basis of physical resonance. 
A wood panel, a window pane, a large vase, an entire wall, niches or al¬ 
coves, various pieces of equipment or ornamentation, or even the entire 
volume of air in a room, may resonate to the vibrations produced in the 
room. For example, a glass pane in a door of a radio broadcasting studio 
was found to be a troublesome source of disturbance, because it always 
resonated to a particular musical note, about an octave below middle C. 
Everyone has witnessed the resonance in a small room with hard re¬ 
flecting walls, such as a bathroom. And every preacher finds it to his 
advantage to ascertain, and to adapt his voice to, the natural resonance 
of the room in which he speaks. Nearly every room seems to resonate 
or respond to a characteristic tone, and in most cases this tone seems 
to be near the tenor A. 18 A similar resonance may be observed in small 

18 See Bagenal and Wood, “ Planning for Good Acoustics,” 216-218 (Methuen, 
1931). Theoretically, there should be a large number of resonant frequencies or tones 
in a room, and there seems little warrant for a single characteristic tone. 
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alcoves or recesses, or in various vessels or vases. Thus the Greeks 
and Romans deliberately placed large vases in their theatres for the 
purpose of augmenting certain frequency components of speech and 
music by means of resonance. The resonators were adjusted to those 
frequencies which were thought to be most desirable for the proper rendi¬ 
tion of speech and music. Recently, an acoustical tile has been placed 
upon the market which is supposed to produce a similar resonance, 
thereby augmenting the loudness of certain components of speech and 
music. Such resonance may be helpful to the acoustics of rooms, but it 
should not be regarded as a correction for excessive reverberation. In 
fact, as the resonance of the room is increased, the reverberation should 
be decreased, since both resonance and reverberation tend to sustain or 
even augment sound. Although a number of extravagant claims have 
been made for a patented cement tile which is supposed to vibrate 
nearly as freely as the sounding board of a piano, such a product must 
not be regarded as a panacea for poor acoustics. 

In general, resonators of the type found in rooms have discrete series 
of frequencies (partial tones) to which they will resonate, and these 
series do not comprise, as a rule, all the frequencies required for speech 
and music. Since speech and music are made up of a wide band of 
frequencies, embracing at least eight octaves, about all that can be ex¬ 
pected from resonators is an emphasis of only a few of the component 
frequencies of speech and music. Such an emphasis of selected fre¬ 
quencies introduces a distortion, which in general would be,expected 
to be harmful rather than helpful to the quality of speech or music. 
However, it should be mentioned that the resonance set up in such ma¬ 
terials as wood paneling or wood flooring may be of appreciable value 
in both speech and music rooms, since these wood structures are not 
sharply resonant to one or a few frequencies but respond throughout a 
wide range of frequencies. In such structures it is the forced vibrations 
as well as the free or resonant vibrations which are of interest. 19 

26. Forced Vibrations. The diaphragm or moving element in any 
. device which is used for converting electrical vibrations into acoustical 
vibrations is forced to vibrate with the same frequencies as are impressed 
upon it. In a similar manner, all structures or objects in a room which 
are free to vibrate are forced into vibration by the sound waves in the 
room. This can be readily sensed by placing the finger tips against 
panels of wood or glass, or even plaster on wood or metal lath, when 

The subject of resonance as applied to architectural interiors deserves more at¬ 
tention than it has been accorded by physicists and acoustical engineers. The sub¬ 
ject is at present chaotic and mostly empirical, and yet it must be admitted that reso¬ 
nance is an important factor in the acoustics of music rooms. 
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loud, sonorous tones are produced in a room. Such forced vibrations 
of panels or walls are of course most vigorous when the frequencies of 
the tones in the room (the exciting or driving frequencies) are in agree¬ 
ment with fundamental or partial frequencies of the panel or wall 
(these are the free or resonant vibrations considered in Sec. 25); but 
owing to the large number and closeness of these partial frequencies, 
and to the high internal damping within the vibrating panel or wall, 
the forced vibration is nearly uniform for the entire useful range of fre¬ 
quencies used in speech and music. Consequently, such vibrations of 
the boundaries of a room will not over-emphasize certain components or 
introduce any harmful distortions, and may contribute to the acoustical 
merit of the room by providing a more diffuse reflection of sound, and 
by imparting a sustenance to the desirable characteristics of music. 
In the case of such musical instruments as make direct contact with the 
floor, as the cello, bass viol, and piano, the use of wood flooring, and of 
wood paneling directly joined to the wood floor, can serve the same pur¬ 
pose as does the sounding board in a piano. The value of forced vibra¬ 
tions and resonance in the materials which form the boundaries of rooms 
will be considered at greater length in subsequent chapters. 

27. Frequency Standards. Nearly all measurements and calcula¬ 
tions in architectural acoustics are made with pure tones of the following 
frequencies: 64, 128, 256, 512, 1024, 2048, and 4096 cycles. These are 
representative of the more important range of frequencies used in speech 
and music, although speech and music contain frequencies about two 
octaves lower than 64 cycles and also two octaves higher than 4096 
cycles. Many fundamental calculations, such as the determination of 
the time of reverberation in a room, are usually limited to a single tone 
of 512 cycles, and in the practical applications of acoustics to building 
design this one tone is of such preeminent importance that it may rightly 
be regarded as the standard tone in architectural acoustics. However, 
caution must be exercised in the use of a single frequency standard. It 
should be used alone only when the architect or engineer knows that the 
characteristics of the room will be satisfactory for all other frequencies. 
In theatres, churches, music rooms, and lecture halls it is advisable to 
make calculations of reverberation at three frequencies, namely, 128, 
512, and 2048 cycles. 

Any set of good tuning forks having rated frequencies of 64, 128, 256, 
512, 1024, 2048, and 4096 cycles will suffice for the frequency standards 
required for calibrating such apparatus as is used in testing the absorp¬ 
tive and insulative properties of rooms and materials. Recently, a new 
type of tuning fork has been developed, using a special alloy instead of 
steel for the fork material. These new forks are called “ duratone ” 
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tuning forks. They maintain their tones much longer than do the older 
steel forks — some of them remain audible for three or four minutes. 
In addition, they retain their pitch accuracy better than steel forks do, 
and they have an extremely small change of frequency with temperature 
changes. The forks of low frequency (below 256 cycles) should be struck 
on very soft objects, as the palm of the hand; those of intermediate 
frequency (256 to 1000 cycles) with a soft rubber or felt hammer; and 
those of high frequency with a hard rubber hammer. 

Tuning forks are not only useful for the frequency calibration of 
acoustical measuring instruments, but when their rate of damping is 
known they may be used for determining the intensity and frequency 
distribution of noises. (See Sec. 87.) 

28. Sources of Sound for Acoustical Studies and Measurements. 
Several sources of sound have been mentioned in the preceding sections 
of this chapter, and some of these may be used for investigations in 
acoustics. The use of the tuning fork, which always has been a vener¬ 
able standard in acoustical measurements, was mentioned in Sec. 27. 
It is inexpensive, simple to operate, and gives a very pure tone of con¬ 
stant pitch. However, it is quite limited as a useful source for acous¬ 
tical investigations. It does not radiate a sufficient amount of sound 
energy for most types of measurements employed in architectural acous¬ 
tics. Further, it is difficult to operate the fork at a constant amplitude, 
and therefore at a constant loudness level. 

The organ pipe, blown at a proper and constant pressure, overcomes 
many of these difficulties, and therefore it has served as a dependable 
source of sound for investigating the acoustics of interiors. It was the 
standard source of sound used by the American pioneer in architectural 
acoustics, W. C. Sabine, and has been used largely by subsequent in¬ 
vestigators. However, the organ pipe does not emit a physically pure 
tone. In addition, a series of organ pipes with associated wind chest, 
such as would be required for acoustical measurements, is lacking in 
portability. 

Since the advent of the thermionic vacuum tube, used so extensively 
in radio, sound pictures, and telephony, the tube oscillator with an asso¬ 
ciated loud speaker has come to be one of the most useful sources of sound 
for acoustical measurements. It is a dependable generator of tones of 
any desired pitch and loudness; the control for either pitch or loudness 
is flexible and convenient; and the pitch and loudness of the tones can 
be readily determined. Further, with the use of appropriate electric 
filters, the generated tones are of a pure quality; that is, they are free 
from overtones or harmonics. Fig. 29 is a photograph of a typical audio¬ 
frequency oscillator. Oscillators similar to this one are very useful for 
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investigating the acoustical problems of architectural interiors, and 
many of the problems which will be considered in this book have been 
investigated with the aid of such tone generators. For this reason, a 
simple oscillator circuit is shown diagrammatically in Fig. 30. Anyone 
familiar with even the most simple radio circuits will understand the 
general features of this circuit for generating alternating currents. L is 
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Fig. 29. General Radio Company’s audiofrequency oscillator. 


an inductance coil with a tap brought out from about the middle of 
the winding and connected to the filament of the oscillating tube. The 
two ends of this coil are connected, indirectly, to the grid and the plate 
of the first vacuum tube, and thus the coil inductively couples the out¬ 
put and the input of the oscillator tube. C is a variable mica condenser 
connected across the inductance coil. The combination of L and C 
is called the tuning circuit because it determines the frequency of oscil¬ 
lation of the generated alternating current. Thus, if L be 1.0 henry 
and C be 0.096 microfarad the frequency of oscillation will be approx¬ 
imately 512 cycles. When an electric current of this frequency is im- 
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pressed upon a loud speaker, a tone having the pitch of approximately 
one octave above middle C is produced. (The electrodynamic type of 
loud speaker is generally used, principally because its acoustical output is 
directly proportional to the electrical power which actuates the speaker. 20 ) 
Other tones of any desired pitch can be obtained simply by changing 
L or C. In fact, the frequency / of the generated tone is given approx¬ 
imately by / = 1/27r V LC. The loudness of the tone is governed by 
the strength of the electric current flowing through the loud speaker, 
which can be controlled and measured by a simple resistance attenuator 
and a thermocouple. It is thus possible to provide tones of any required 
pitch and loudness by the appropriate setting of the dials which control 
the inductance L, the capacitance C, and the resistance attenuator con- 



Fig. 30. Circuit diagram of a vacuum-tube oscillator and a low-pass filter. 

nected between the oscillator and the loud speaker. The low-pass filter 
shown in the figure eliminates all harmonics above the fundamental, 
and thus a pure sine wave alternating current is generated. 

For many acoustical measurements “ warble ” tones are better than 
single-frequency tones such as are produced by an audio-frequency 
oscillator. A “ warble ” tone is produced by varying the frequency 
continuously between the two frequency limits. Thus, 512 ± 100 cycles 
is made up of a frequency band 200 cycles wide, the frequency varying 
periodically from 412 to 612 and back again to 412. For most purposes, 
this periodic variation of frequency should occur about five to seven times 
per second. Such warble tones help very much to overcome the diffi¬ 
culties of the interference pattern in a room which results when pure 
tones are used; and they also help to maintain a uniform 11 loading ” 
on the loud speaker. A warble frequency is easily produced by rotating 

80 This will be the case only when the “ loading ” on the loud speaker remains 
constant. 
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a small auxiliary air condenser connected to the condenser in the tuning 
circuit of one unit of a beat frequency oscillator. Fig. 31 shows a circuit 
diagram of a beat frequency oscillator used in the Acoustical Laboratory 
at the Bureau of Standards. 21 This circuit is remarkably free from 
frequency drift, and in all respects is highly satisfactory for laboratory 
measurements in architectural acoustics. 

A high-quality phonograph with electrically cut records of pure or 
warble tones often may be employed as a source of sound for measure¬ 
ments in architectural acoustics. It is simple, convenient, and reliable 
in operation. 



Fig. 31. Circuit diagram of beat frequency oscillator used at Bureau of Standards. 
(Chrixler and Snyder.) 


29. The Use of Water Waves and Sound-Pulse Waves in Architec- 
■ tural Acoustics — The Ripple Tank and Sound-Pulse Photography. 

The acoustical design of an auditorium is dependent upon the paths of 
all possible sound rays from the source to the listener. Because of the 
complexities of reflection and diffraction, which have been considered 
in this chapter, it is not always an easy matter to ascertain what these 
paths will be from a purely geometrical consideration of the plans and 
sections for the auditorium. Accordingly, methods have been developed 

” Chrisler and Snyder, Bureau of Standards Research Paper No. 242, 6 (October, 
1930). See also G. F. Lampkin, Radio Broadcast, 13, 167 (July, 1928); Cohen, 
Aldridge and West, Jour. Inst. Radio Engineers (London), 64 , 1023 (1920). 
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for studying the progress of sound waves in small two- or three-dimen¬ 
sional models of the proposed auditorium. These studies often reveal 
defects of shape which would not be suspected from a geometrical study 
of the plans. In the use of such models it is necessary that the model 
be of such size that the ratio of its linear dimensions to the wave lengths 
of the waves used in the investigation be approximately the same as the 
ratio of the linear dimensions of the auditorium to the wave lengths of 
the speech or music which will be used in the room. The diffraction 
effects observed in the model will then be comparable with those which 
will result in the auditorium. Since, from the standpoint of cost, it is 
desirable to work with small models, it is necessary that means be pro- 



Fia. 32. Photograph of the ripple tank used at the National Physical Laboratory. 
{Dans and Kaye.) 


vided for producing experimental waves of correspondingly small wave 
length. Two principal means have been utilized for producing these 
small waves: the ripples on a shallow tank of water; and intense sound 
pulses of very short wave length, such as may be produced by a sudden 
discharge of a highly charged electrical condenser. Methods which 
utilize these two types of waves are limited to a two-dimensional study 
of wave propagation, so that it is necessary to make models representing 
the plan, the longitudinal section, and the transverse section, of the audi¬ 
torium which is to be investigated. It is usually possible to ascertain 
the nature of the propagation of sound in the three-dimensional audito- 
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rium from a composite study of the propagation of waves in the two- 
dimensional models. 

One of the oldest and most commonly used methods for investigating 
the paths of sound waves in an auditorium makes use of water ripples. 
Davis 22 has given a description of the historical development, and the 
advantages as well as the limitations, of the use of water ripples in the 
study of the shape of auditoriums. If simple harmonic ripples be main¬ 
tained on a tray of water, the depth of which is greater than one half the 
wave length of the ripples, the analogy between these water ripples 
and sound waves is good enough to reveal the behavior of sound waves 
in an auditorium. Fig. 32 is a photograph of the ripple tank used at 



Fia. 33. Three photographic views of 
ripples in a model obtained at the 
National Physical Laboratory. 
(Davis and Kaye.) 


the National Physical Laboratory, 
with a two-dimensional model in 
position for study. The model, 
made of wood, to a scale of } inch 
to 1 foot, is a longitudinal section of 
an auditorium. The model is lying 
upon the glass plate of the ripple 
tank, and the tank is filled to a 
depth of slightly less than 1 inch. A 
plunger, operated with an electro¬ 
magnet, starts the ripples at a point 
which would be occupied normally 
by a speaker. The wave length of 
the ripples is of the order of % inch, 
so that they are comparable with 
sound waves having a wave length 
of about 2 feet in the auditorium. 
Light from a powerful arc lamp 
passes vertically upward through the 
glass bottom of the tank, and by 
means of a plane mirror above the 
tank, inclined at an angle of 45°, the 
shadow of the ripples is thrown upon 
a vertical screen. The projected 
image on the screen furnishes a very 
satisfactory means for'studying the 
progress of the ripples, since they 
can be followed visually from the 
source across the model and also 


after they have suffered reflection or diffraction. Or, by means of a 


» PhyB. Soc. Proc., 38, 234 (1926). 
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camera placed above the tank, it is possible to obtain instantaneous 
photographs of the position of the ripples at any desired time. Fig. 33 
gives three photographic views of an advancing ripple in a model ob¬ 
tained at the National Physical Laboratory. These three views corre¬ 
spond to the positions of the sound waves fa, fa, and fa second after 
the train of waves left the origin. The waves reflected from the various 
portions of the boundaries of the model are clearly shown in the three 
photographs. 

It will be noted in the third photograph of Fig. 33 that the ripples 
have become very diffuse and vague after an interval of about fa 
second, that is, before the second reflection has taken place. This rapid 
damping of the ripples limits the usefulness of this method, since 
the little waves disappear very soon after the first reflection, whereas at 
least the first two or three reflections should be investigated in making 
a study of auditorium design. However, since the first reflection is 
usually the one which will produce an echo or a pronounced interference 
in an auditorium, the ripple tank often affords a means of determining 
the relative merits of different shapes for a proposed auditorium. 

It is possible to obtain more satisfactory photographs of sound waves 
by means of sound-pulse photography. In this method the model is 
usually made of plaster of Paris, or wood, and is made to a scale of about 
fa inch to the foot. The model is therefore considerably smaller than 
the one which would be used with the ripple tank. In the sound-pulse 
method, the waves are produced by the sudden and violent discharge 
of an electrical condenser. The noise produced by such a discharge is 
similar to the report of a pistol, but is of a higher frequency. It pro¬ 
duces a very intense sound pulse which consists principally of a single 
condensation followed by a rarefaction which spreads out from the source 
with the velocity of sound. The pronounced condensation in the ad¬ 
vancing wave front is very much denser than the surrounding air, so 
that this condensed air has the same effect as though a refractive medium, 
such as glass, had been introduced into the air medium. When light 
passes through such a region of marked condensation it is refracted in 
accordance with familiar laws of geometrical optics. In fact, the light 
which passes through the condensed air is sufficiently refracted to pro¬ 
duce an image of the sound pulse, which can be viewed on a ground- 
glass screen, or photographed on a sensitive film. The illumination, 
either for viewing or photographing, is accomplished by means of a 
second spark discharge which is timed to follow the sound pulse by only 
a few hundred thousandths of a second. This delay of the light spark 
can be controlled by means of condensers and a resistance so that the 
light spark can be adjusted to illuminate the sound spark at any desired 
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position or time interval after the pulse leaves the source. In this way, 
it is possible to study, either visually or photographically, as many as 
two or three successive reflections by the boundaries of the model. 
Various types of equipment utilizing this principle (first developed by 
Foley) have been devised by different investigators. 23 The apparatus 
which has been developed at the University of California at Los Angeles, 
largely through the efforts of Mr. Leo P. Delsasso, is shown in the photo¬ 
graph in Fig. 34. A number of interesting and instructive sound-pulse 



Fig. 34. Photograph of the sound-pulse apparatus at the University of California at 
Los Angeles. 


photographs, obtained by Foley, are shown in Figs. 35 to 38. The 
photographs, which illustrate several of the fundamental principles of 
physical acoustics, are described in the legends accompanying the 
figures. 

30. Optical Methods for Investigating the Paths of Sound in Models 
of Auditoriums. Several optical methods have been devised for study¬ 
ing the effects of form upon the reflected beams of sound in model sco- 

23 Foley, Am. Arch, and Arch. Rev. (November 8, 1922); Foley and Souder, Phys. 
Rev., 36, 373 (1912); W. C. Sabine, “Collected Papers on Acoustics,” 180 (Harvard 
University Press, 1922); Davis and Fleming, Jour. Sci. Insts., 3, 393 (1926). 










Fia. 36. Sound pulse reflected from a concave surface. The reflected wave is con¬ 
vergent. Note the diffracted sound wave from the lower edge of the concave 
reflector. (Foley.) 





















68 


PHYSICAL ACOUSTICS — THE NATURE OF SOUND 



Fia. 37. Refraction of sound pulse passing through sulphur dioxide gas. The 
refracted wave is just emerging from the “lens,” and has been rendered convergent 
in passing through the lens. (Foley.) 



Fig. 38. Diffraction of sound pulse by plane grating with four apertures. Note that 
spherical waves originate from the openings for both the transmitted and re¬ 
flected waves. (Foley,) 
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tions of an auditorium. 24 The apparatus devised by Satow at Waseda 
University, Tokyo, provides a simple and convenient method for observ¬ 
ing the paths of reflected light in model sections made of highly polished 
metal. Models are made of the principal sections of a proposed room 
(such as the floor plan, longitudinal section, and cross section) and placed 
in a glass box filled with smoke. A source of light is located at the 
position corresponding to the normal position of the sound source in 
the room, and is enclosed by a cylindrical screen containing narrow paral¬ 
lel slits which limits the emergent light to a large number of radial beams. 
These beams are reflected by the mirror boundaries of the model and 



Fia. 39. Smoke box apparatus for investigating rays of reflected light in sectional 
models of an auditorium. (Satow.) 

are made clearly visible by the diffuse scattering of light from the smoke 
particles. Fig. 39 shows the arrangement of the apparatus and model; 
Fig. 40 shows a photograph of the beams of light in models which were 
made by Satow in connection with the acoustical design of Okuma 
Memorial Auditorium. 

This method of investigating the acoustical form of auditoriums has 
the following advantages: (1) The models are of simple construction 
and can be easily modified so that the effects of changing the form of an 
auditorium can be determined readily during the early stages of design; 
(2) the apparatus is simple and inexpensive, and does not require any 

u R. F. Norris, “A Practical Method of Detecting Distorting or Echo-Producing 
Surfaces in Auditoriums by a Photographic Analysis of the Plans,” Bulletin No. 2, 
C. F. Burgess Laboratories, Inc.; Takeo Satow, “Acoustics of Auditorium Ascer¬ 
tained by Optical Treatment in Models,” World Engineering Congress, Paper No. 118 
(1929). 
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Fro. 40. Photographs of rays of light in plan and sectional models of Okuma Me¬ 
morial Auditorium. (Satow.) 
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special skill or training on the part of the operator; and (3) it provides 
an effective means of demonstrating to building committees or prospec¬ 
tive building owners the defects and merits of different designs. 

The method has two limitations which should be recognized in the 
interpretation of results: (1) the effects of diffraction of sound are not 
shown since the wave lengths of light are so short that all beams in the 
model are reflected ^rectilinearly; and (2) the model sections limit the 
study of reflection to a single plane for each model; that is, the study is a 
two-dimensional rather than a three-dimensional study. 

The construction of a three-dimensional model, and a spherical 
screen (with circular holes in its surface) instead of a cylindrical screen 
surrounding the light source, provides a means of studying the paths of 
reflected light in three dimensions. It also is possible to construct 
three-dimensional models from non-reflective materials, as wood or 
plaster, to use a small flash light for the source of light, and to attach a 
number of small plane mirrors to different portions of the interior 
boundaries of the room. In this manner the reflections from any or all 
parts of the boundary can be studied." 5 In the use of such models 
it is necessary, in order to make observations of the paths of light, to 
leave one side (or a part of one side) open. Usually the stage end of 
the model is left open, since reflections from this part of the room are 
of a well-known type or they can be readily determined from a simple 
geometrical study of the plans and sections. 

26 The National Physical Laboratory has on exhibit a model of this type of Albert 
Hall, London, which shows very clearly the nature of the acoustical defects in this 
hall. (See Sec. 186.) 
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CHAPTER III 

THE NATURE OF HEARING 1 


31. Introductory. In order to gain a clear comprehension of the 
acoustical requirements for good hearing in an auditorium it is necessary 
to become acquainted with the pertinent facts which are known concern¬ 
ing how we hear . It is true that the problem of hearing still remains 
an unfinished and a bewildering subject. However, during the past 
ten years much work has been done by physicists, engineers, physi¬ 
ologists, and psychologists, particularly by the application of modern 
telephone and radio equipment to the auditory problem. Although 
many of the facts of audition are as old as or older than Helmholtz yet 
many recent discoveries and quantitative measurements of hearing 
have helped very considerably to clarify the acoustical problems in 
auditoriums. 

Among the more important of recent findings are the determination 
of (1) the absolute sensitivity of the ear for tones of different frequencies, 
(2) the relative values of the different frequency components in attain¬ 
ing a faithful reproduction of speech and music, and (3) the interfering 
effects of noise upon the hearing of speech and music. All these charac¬ 
teristics of hearing, and many others, have a pertinent relation to the 
problem of hearing in architectural interiors, and therefore they will 
now be described. 

In an attempt to understand auditory function, the most useful infor¬ 
mation may be obtained by regarding the ear as a physical instrument. 
It is possible to determine the acoustical characteristics of the ear in a 
manner analogous to the methods ordinarily employed for determining 
the electrical characteristics of a galvanometer. In the case of either 
the ear or the galvanometer, quantitative data are obtained which give 
the relation of the response of the instrument to definite stimuli. 

Thus, in order to determine the characteristics of a sensitive gal¬ 
vanometer, one determines, first, how small an electric current it will 
detect; second, how small a difference in the strength of the current it 
will detect; and third, how large a current it will accommodate. The 

1 A large amount of the material in this and the following chapter has been taken 
from “Speech and Hearing” by Harvey Fletcher (Van Nostrand, New York, 1029). 
The interested reader should consult this valuable book. See also V. O. Knudsen 
and I. H. Jones, Annals of Otology, Dec., 1925, and Mar., 1926. 
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minimal current it can detect is a measure of its sensitivity; the minimal 
difference of current it can detect is a measure of its sensibility, or 
differential sensitivity; and the minimal and maximal currents which 
it will accommodate are a measure of its range of response. In an 
analogous manner, the minimal intensity of sound of a given frequency 
that the ear can detect is a measure of its sensitivity at that frequency; 
the minimal difference of intensity which the ear can detect is a measure 
of its intensity sensibility; the minimal difference of frequency which 
the ear can detect is a measure of its frequency sensibility; and the 
minimal and maximal frequencies and intensities of sound which it will 
accommodate are a measure of its range of response. These basic 
characteristics of the hearing apparatus will be more fully described in 
Secs. 34 and 35 of this chapter. Before continuing this subject, however, 
it will be helpful to describe briefly the organ of hearing and to define 
different types of sound. 

32. The Human Ear. The human ear has two distinct functions: 
(1) the sensing of motion, which is accomplished by the vestibular por- 



Fig. 41. Section of the human ear. 


tion of the ear — made up principally of the three semicircular canals 
and the otoliths; and (2) the sensing of vibration, which is accomplished 
by the cochlea and its associated apparatus. Only this second function 
of the ear is concerned with hearing. Therefore, the cochlea with its 
associated apparatus will be referred to as the hearing mechanism. The 
hearing mechanism may be divided into three portions: the external 
ear, the middle ear, and the inner ear. These are shown in Fig. 41, as 
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are also the principal anatomical portions of the hearing mechanism. 
The external ear is a sound collector in the form of a trumpet. The 
tube of the trumpet is about 1* inches long and is closed at one end by the 
drum membrane. The middle ear contains three tiny bones or ossicles 
which connect the drum membrane with the inner ear. The inner ear 
contains the cochlea in which terminate the auditory nerves. The 
external ear collects and intensifies the vibrations which impinge upon 
the drum membrane. The three tiny ossicles in the middle ear — the 
hammer, anvil, and stirrup — constitute a lever mechanism which in¬ 
tensifies the vibrations communicated to the oval window, which is the 
entrance to the internal ear or cochlea. Since the foot plate of the 
stirrup is only about one twentieth as large as the drum membrane, the 
force of the vibrations communicated to the oval window is further in¬ 
tensified about twenty fold. The action of the middle ear therefore is 
that of a transformer — an efficient coupling for communicating the 
vibrations in the air (which has a low impedance) to the liquid in the 
internal ear (which has a high impedance). 

Thus far the action of the ear is purely mechanical, and all authorities 
agree upon its manner of operation. What actually takes place in the 
cochlea, or between the oval window and the cerebral cortex, however, 
is somewhat more speculative, although most of the accumulating 
evidence seems to indicate that both physical resonance of the structure 
within the cochlea and the frequency of impulses along the nerve fibres 
account for the attributes of auditory sensations. 2 Thus, there are 
fibrous membranes in the cochlea — the basilar and tectorial mem¬ 
branes — which may be compared, although the resemblance is not very 
close, to the stretched strings of a harp. The natural frequencies of 
vibration of these fibres will be determined by their effective length, 
tension, and mass — but the mass is largely influenced by the amount 
of cochlear fluid set into vibration with the fibres. Some of the fibres 
are short and tightly stretched, and others are relatively long and loosely 
stretched. The long ones at the apical end of the cochlea respond to 
low-frequency vibrations, whereas the short ones at the basal end of the 
cochlea respond to high-frequency vibrations. When these fibres are 
set into vibration they stimulate the nerve fibres which are in close 
proximity to them, and these stimulated nerve fibres elicit the sensation 
of sound. According to the resonance theory, it is in the cochlea — 
with its complicated structure and modus operandi — that the physical 
vibrations of sound are converted into nervous impulses. The physical 

2 L. T. Troland, “ Psychophysiological Considerations Relating to the Theory of 
Hearing,” Jour. Acous. Soc., 1, 301 (1930); H. Fletcher, ‘‘A Space-Time Pattern 
Theory of Hearing,” Jour. Acous. Soc., 1, 311 (1930). 
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characteristics of the cochlea, with its associated apparatus, provide 
explanations for the sensitivity and sensibility properties of the ear, for 
tonal analysis, subjective tones, and auditory masking. In general, it 
may be said that loudness at any one pitch is determined by the rate at 
which nervous energy is communicated to the brain, that is, by the num¬ 
ber and activity of the fibres which are set into vibration. Pitch, as 
stated above, is determined principally by the location of the fibres 
which respond sympathetically to the physical vibrations, although the 
nerve impulse frequency is coming to be more and more recognized as 
a contributing factor. Tonal quality is determined largely by the num¬ 
ber, location, and extent of vibration of cochlear fibres which are set 
into resonant vibration. This will be considered at greater length in 
Sec. 39. 

33. Classification of Sounds — Definitions. All the sounds we hear 
may be classified as musical or non-musical, although some sounds, such 
as many of the vowel sounds in speech, possess both musical and non¬ 
musical characteristics. In general, musical sounds are made up of 
regular, periodic vibrations, and non-musical sounds are made up of 
irregular, non-periodic vibrations. Noise is perhaps the most common 
of non-musical sounds — street and building noises, for example, are 
very complex conglomerates of all sorts of vibrations, full of transients 
and inharmonic components. The following musical sounds, and the 
definitions given, are of interest in architectural acoustics: (a) A pure 
tone consists of a pure simple harmonic vibration. (See Fig. 3 for the 
form of vibration of a pure tone.) ( b) A tone consists of a series of 
pure tones — made up of a fundamental tone with a characteristic series 
of overtones. The word note is often used to convey the meaning that 
is here given to the word tone, but note 3 is sometimes used to represent 
the symbol on the musical staff which gives the pitch and duration of a 
tone. A tuning fork emits (approximately) a pure tone, and such instru¬ 
ments as the piano, clarinet, or organ emit tones. Groups of singers or 
players, and such instruments as the organ or piano, often generate many 
tones simultaneously, and these combine into artistic, and sometimes 
elaborate, compositions. The elemental tones of musical compositions 
have three fundamental characteristics, and two other secondary prop¬ 
erties, which will be considered in Secs. 36 and 40. 

34. Sensitivity of the Ear. A sound vibration must be restricted 
between certain frequency and intensity limits in order to be sensed as 
a sound. Roughly, the frequency must be greater than 20 and less than 
20,000 cycles. In addition, the intensity must attain a certain value; 

3 See definition proposed by the Acoustical Society's committee on standardization 
of acoustical terms, Appendix I. 
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that is, the amplitude of vibration which reaches the ear must exceed 
what is called the minimal threshold amplitude. This minimal thresh¬ 
old, or the requisite intensity in order that a tone may be just barely 
audible, varies greatly for tones of different pitch. The lower curve in 
Fig. 42 shows the minimal threshold, for tones of different pitch, for the 
average person with normal hearing. The frequency of the tone is 
indicated along the horizontal axis; and the pressure variation against 
the eardrum, in root mean square dynes per square centimeter, is 
indicated along the vertical axis. (The actual amplitude of vibration 
of the drum membrane is proportional to the root mean square pres¬ 
sure, and the intensity of the tone is proportional to the square of the 
root mean square pressure.) It will be noted that the sensitivity of 



Fig. 42. Frequency-sensitivity curves for hearing. ( Fletcher-Wegel .) 

hearing varies enormously for tones of different pitch: between 600 and 
7000 cycles a pressure variation as small as 0.001 dyne per square centi¬ 
meter is capable of eliciting a sensation of hearing, whereas at 20 cycles 
and 20,000 cycles the pressure variation must be as great as 10 dynes 
per square centimeter, which is ten thousand times the pressure varia¬ 
tion required in the region of maximal sensitivity. It happens that the 
range of maximal sensitivity, namely 500 to 7000 cycles, is the frequency 
range which is of greatest importance for the preservation of intel¬ 
ligibility in the sounds of speech. This range is also very important in 
the formation of musical sounds. It appears that man is equipped with 
a hearing organ which has its sensitivity adapted in the best possible 
way for the hearing of speech and music; or to state the case more accu¬ 
rately, since in the evolution of man speech and music were later devel¬ 
opments than the sense of hearing, speech and music have evolved in 
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such a manner as to be well adapted to the sensitivity characteristics of 
the ear. 

The loudness sensation of a pure tone depends upon the magnitude 
of the pressure variation against the drum membrane, the frequency, 
and the acuity of the listener’s ears. In general, individuals who have 
no impairments of hearing have approximately the same hearing sensi¬ 
tivity, and the same physical sounds will be heard about equally loud 
by all who have normal hearing. Persons with impaired hearing, on 
the other hand, will have a much lower sensitivity than that indicated 
by the minimal threshold curve for the normal shown in Fig. 42, and 
consequently they will hear sounds in a relatively diminished loudness, 
as compared with the loudness of the same sounds as heard by individuals 
with normal hearing. 

As the amplitude of vibration of a pure tone is increased, the resulting 
tone becomes louder and louder until it attains the upper threshold of 
loudness. This upper threshold is defined as the limit at which the 
sound can be felt — as a sort of tingling sensation — as well as heard. 
At this threshold, the tone often becomes painfully loud. If the in¬ 
tensity of the vibration be carried beyond this upper threshold, there is 
a mingled sensation of sound, feeling, and pain. The upper curve in 
Fig. 42 gives this upper threshold of hearing, that is, the threshold of feel¬ 
ing for the average person. It will be seen that this curve also varies 
for tones of different pitch and that it intersects the lower curve at two 
points. These two points of intersection determine the lower and upper 
frequency limits of audition; namely, about 20 cycles for the lower limit 
and about 20,000 cycles for the upper limit. Again, it will be noted that 
the range from the minimal threshold to the upper or maximal threshold 
is greatest for frequencies from 500 to 7000 cycles, that is, for the range 
of frequencies which is most important in speech and music. 

The characteristics of hearing exhibited by Fig. 42 are of prime inter¬ 
est in considering many basic problems in architectural acoustics. For 
example, in order to insulate against painfully loud sounds it is neces¬ 
sary that the pressure or amplitude be reduced as much as a million fold. 
This emphasizes the difficulty which is so commonly encountered in 
soundproofing. Again, the two curves for the minimal and maximal 
thresholds taken together have a bearing upon the reverberatory prop¬ 
erties of rooms. A discussion of this subject will be reserved for a later 
chapter. 

35. Sensibility of the Ear. The intensity sensibility of the ear for 
pure tones — that is, the analytical function of the ear to resolve dif¬ 
ferences of intensity in a pure tone — is measured by the ratio A E/E, 
where A E represents the smallest change of intensity in the tone which 
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the ear can recognize, and E represents the intensity of the tone. Sim¬ 
ilarly, the frequency sensibility is measured by A N/N> where A N is the 
smallest change in frequency which the ear can recognize, and N is the fre¬ 
quency of the tone. According to the well-known, but much disputed, 
Weber-Fechner Law, which states that for all sensations there is a con¬ 
stant ratio between the smallest perceptible increase of a stimulus and the 
total stimulus, the intensity sensibility defined by AJ57/J57 should be a con¬ 
stant. Careful experiments indicate that this is approximately but not 
rigorously true. For tones not too near the minimal threshold of inten¬ 
sity, and within the frequency range of about 100 to 4000 cycles, A E/E 
is approximately 0.10; that is, the smallest perceptible change in energy 
which the ear can detect is approximately 10 per cent of the total energy. 
For tones near the minimal threshold, and for frequencies below 100 
cycles and above 4000 cycles, the ratio of A E/E increases; that is, the 



Fig. 43. Curve showing the frequency sensibility of the ear. The smallest frac¬ 
tional change of frequency which can just be detected, AN/N , is plotted as a 
function of the frequency. 


ear becomes less sensible to changes of intensity at very feeble intensities, 
and also at very low and very high frequencies. 

The frequency sensibility of the ear is shown in Fig. 43. It will be 
noted that for frequencies above 512 and below 4096 cycles the smallest 
perceptible change in frequency which the normal ear can detect is 
approximately 0.3 per cent. That is, the differences between 500 and 
501.5 cycles, between 1000 and 1003 cycles, or the difference between 
2000 and 2006 cycles, represent the smallest perceptible changes in fre¬ 
quency which the ear can detect. At frequencies below 512 and above 
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4096 cycles the ear becomes less sensible to changes of frequency, that 
is, a larger percentage change is required in order to be barely per¬ 
ceptible. 

The analytical function of the ear to differentiate small changes of 
intensity or frequency is of importance in the hearing of speech and music. 
Anything that interferes with this analytical function of the ear renders 
the hearing of speech or music more difficult. The reverberation of 
sound in rooms introduces such an interference, owing to the overlapping 
and fusing of the tonal components in articulated speech or music. It 
is necessary therefore, for this reason as well as for other reasons, to 
control the reverberation in rooms. 

36. Loudness, Pitch, and Quality — General Considerations. When 
we listen to a musical tone, we are conscious of three properties; namely, 
loudness, pitch, and quality. In the preceding chapter it was shown 
that a sound wave is characterized by the three physical properties of 
amplitude, frequency, and wave form. Everyone is familiar with exper¬ 
iments which demonstrate that the amplitude of the sound wave deter¬ 
mines the loudness of the sound sensation, and that the frequency of 
the sound wave determines the pitch of the sound sensation. In fact, 
there is an ordinal relation between amplitude of vibration and loudness, 
and also between frequency of vibration and pitch: the greater the 
amplitude the louder the sound, and the higher the frequency the higher 
the musical pitch. On the other hand, there is no simple ordinal rela¬ 
tion between wave form and quality. In general, the more complex 
the form of the wave, provided it be periodic, the richer will be the qual¬ 
ity of the musical tone. The subject of quality is so important that it 
will be considered further in Sec. 39 of this chapter and again in Chap. IV. 
But it will be helpful first to consider certain aspects of loudness and 
musical intervals. 

37. Intensity, Sound Level, and Loudness. Although, as was stated 
in the preceding section, the relation between loudness and the intensity 
of the external vibration is an ordinal one, it is not one of a direct or 
simple proportion; that is, a doubling of the intensity does not produce 
a doubling of the loudness. In general, the loudness of a sound depends 
upon the frequency as well as the intensity of vibration, and its quanti¬ 
tative definition will be given later in this section. For the present, 
consideration will be given to a very important logarithmic property of 
the intensity of sound. This relation is suggested by the data on the 
intensity sensibility of the ear. If the sensibility of the ear, as measured 
by A E/E, is constant, which is approximately true for tones between 
100 and 4000 cycles (not too near the minimal threshold), it follows 
from a simple integration that the intensity of the sensation should be 
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proportional to the logarithm of the intensity of the tone. This is only 
approximately borne out by experiment. The logarithmic relation be¬ 
tween stimulus and auditory response is characteristic of other senses, 
and is a common form of stating the Weber-Fechner Law. According 
to this law, the intensity of nearly all sensations is proportional to the 
logarithm of the intensity of the external stimulus. On this basis, a 
tone having an intensity of one million times the intensity of a barely 
audible tone of the same pitch would be regarded as producing only 
double the amount of sensation of that which would be produced by a 
tone having an intensity of one thousand times the intensity of a barely 
audible tone of the same pitch. That is, although the one tone contains 
one thousand times more energy than the other, in this case the more 
intense tone is regarded as producing only double the amount of sensa¬ 
tion which would be produced by the weaker tone, since the logarithms 
of 1,000,000 and 1000 are to each other as 2 is to 1. 4 

This logarithmic method of expressing sound intensities, even though 
it does not give an accurate measure of loudness, has come into common 
use in all branches of acoustics, including architectural acoustics, and 
since it will be used frequently throughout this book, it is necessary that 
the student gain a fair notion of its significance and usefulness. The 
use of a logarithmic unit for describing and measuring sound intensities 
is justified by its convenience rather than by its veracity in expressing 
the exact relation between the intensity of sound and the resulting sen¬ 
sation. Thus, the intensity of a sound is often referred to some other 
intensity of sound, as in problems of sound-insulation in which the 
intensity of the noise inside the room is compared with the intensity of 
the noise outside the room. 

A logarithmic unit, called the bel, has recently been adopted for use 
in telephone work, and this same unit is finding wide acceptance in 
architectural acoustics. If I represent the intensity of a sound in joules 
per cubic centimeter, then the intensity level of /, in bels , is defined 
as logio /. For most practical purposes a unit which is one tenth of 
the bel is more convenient than the bel. This smaller unit is called the 
decibel, and is designated by db. The difference in decibels between 

4 Recent experiments by Parkinson and Ham, Marvin, Laird, and others in¬ 
dicate that two tones which have intensities proportional to say 1000 and 1,000,000, 
as used in the example just cited, would be regarded by the average person as differ¬ 
ing in loudness by more than a ratio of 1 to 2. In fact, Parkinson and Ham found that 
when the intensities were proportional to about'100,000 and 1,000,000 the loudness was 
judged to be in the ratio of about 1 to 2. This result is significant and will be referred 
to later in connection with the reduction of noise in rooms, but the logarithmic prop¬ 
erty of sound just referred to has become basic in the entire system of acoustical 
measurements. 
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two sounds having intensities of h and 1 2 would then be given by 10 
logio I\/1 2« 

Since the intensities of so many sounds are evaluated in terms of 
the minimal threshold intensity, it is convenient to adopt a name 
which will designate how many decibels a certain sound is above the 
threshold of audibility for the average person with normal hearing 
acuity. Throughout this book the term sound level 5 will be used for 
this purpose. In dealing with specific types of sound, as speech or 
noise or musical tones, the terms speech level, noise level, and tone level 
will be used instead of the more general term sound level . Thus, if I 
represents the intensity of a certain sound, and J 0 represents the intensity 
of the same sound when it has been reduced to the minimal threshold 
of audibility, then the sound level of that sound will be given by the fol¬ 
lowing equation: 

Sound Level (in db) = 10 logio -y-* (10) 

To give a specific example of the use of this relation, the standard tone 
which is commonly used in architectural acoustics has an intensity 
which is one million times the intensity of a tone of the same pitch which 
is just barely audible. Since the logarithm of 1,000,000 is 6, the tone 
level of such a tone is 60 db, that is, it is 60 db above the threshold of min¬ 
imal audibility. Similarly, a tone which has a tone level of 70 db has 
an energy content equal to ten million times the energy content of a tone 
of the same pitch which would be just barely audible. 

The data on the sensitivity of the ear (see Sec. 34) show that the ear 
is very much more sensitive to frequencies between 500 and 4000 cycles 
than it is to very low or very high frequencies. For this reason, it is 
obvious that sound level will not serve as a measure of the loudness of 
a sound. It might seem reasonable that the sound level would furnish 
an accurate measure of the comparative loudness of tones of different 
pitch, but it is found for example that a pure tone of 100 cycles and a 
pure tone of 700 cycles, both having the same sound or tone levels, 
differ very appreciably in loudness as judged by the ear. Thus, if each 
of these tones have a tone level of 30 db it will be found that the tone 
of 100 cycles seems very much louder than the tone of 700 cycles. For 
frequencies between 700 cycles and 4000 cycles, the sound level gives a 
satisfactory comparative measure of the loudness level; that is, two 
tones within this range having the same sound level will be judged as 

5 The term sensation level is used by many writers to denote the same meaning 
that is here denoted by the term sound level. (See Appendix I, 3008.) But the term 
sensation level is likely to be confused with the ordinary concept of loudness, and 
therefore the term sound level seems preferable. 
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equally loud. The relation between sound level and loudness has been 
investigated by Kingsbury. 6 The most important data of Kingsbury, 
for the purpose of this book, are shown in Fig. 44. The data for these 
curves were based upon the use of a 700-cycle tone as a standard of 
comparison. That is, tones of the frequencies designated by the numer¬ 
als adjacent to the curves were adjusted until they were judged to be of 
the same loudness as an arbitrarily chosen level at 700 cycles. The loud¬ 
ness then is measured in terms of the equivalent loudness of a pure 
tone of 700 cycles, and the unit of loudness is equivalent decibels . It will 



Fig. 44. Loudness of pure tones as functions of frequency and sound level. 

be noted that for frequencies between 700 and 4000 cycles, as already 
stated, the sound and loudness levels increase alike; that is, all pure 
tones in this range having the same sound level will be judged to be of 
the same loudness. For frequencies below 700 cycles, however, the 
loudness increases more rapidly than does the sound level. For ex¬ 
ample, a tone of 150 cycles, having a sound level of 30 db, will have a 
loudness of 50 db; that is, it will be judged as loud as a tone of 700 cycles 
which has a sound level of 50 db. This relation between sound level 
and loudness for tones of different pitch is not only of interest in connec¬ 
tion with the physiology of the cochlea, but it is of practical importance 
in many problems in architectural acoustics. Thus, it has a direct 

•H. Fletcher, ‘‘Speech and Hearing,” 229-231. 
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bearing upon the type of absorptive material which will give the best 
acoustical effect in a room; it has a significant bearing upon the faith¬ 
fulness of reproduction of amplified sound; and it affects all judgments 
of loudness of complex sounds. 

38. Musical Intervals. There is a logarithmic relation between the 
frequency of a sound wave and the pitch sensation — similar to the 
logarithmic relation discussed in the preceding section, although the 
base of the logarithm is 2 instead of 10. This relation is well known in 
the following equivalent form: There is the same interval of pitch be¬ 
tween 32 and 64 cycles as there is between 2048 and 4096 cycles. This 
interval of pitch is known as the octave. Generalizing, a constant fre¬ 
quency ratio corresponds to a constant musical interval. The octave, 
for example, is the interval between two tones which have a frequency 
ratio of 2 to 1. This frequency ratio of 2 to 1 for the octave is the basis 
for the logarithmic relation between pitch and frequency. Thus, the 
pitch difference, in octaves, between two tones having frequencies N 2 
and Ni, is proportional to \og 2 N 2 / Ni) and the pitch difference in centi- 
octaves is 100 log 2 N 2 / Ni. This small unit is often used in acoustical 
problems. 

There are many other musical intervals besides the octave, and in all 
cases equal ratios of frequencies correspond to equal intervals of pitch. 
The most common intervals of pitch, and their frequency ratios, are 
given in the following table: 


Octave. .2:1 

Fifth .3:2 

Fourth . . 4:3 

Major third. 5:4 

Minor sixth. 8:5 

Minor third. 6:5 

Major sixth 5:3 


These are the generally recognized consonant intervals within the range 
of a single octave. It will be noted that all the ratios are expressed by 
small integers, and that the more consonant intervals, such as the oc¬ 
tave, the fifth, and the fourth, are comprised of the smallest integers. 
In general, the simpler the frequency ratio, that is, the smaller the in¬ 
tegers which make the ratio, the more consonant will be the two tones 
when sounded together. Two other intervals which are useful in prob¬ 
lems of architectural acoustics are the major second (9 :8) and the semi¬ 
tone (25 : 24). 

39. Quality of Musical Sounds. The characteristics of loudness 
and pitch have been considered in the preceding sections. The third 
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characteristic of a musical tone which will now be considered is quality 
or timbre. This property of a musical tone is determined largely by 
the shape of the wave form, although this statement must be made with 
reservation. More strictly, it is the number and prominence of the 
component overtones 7 which determine quality. In general, a series 
of overtones will produce a characteristic wave form, but the wave form 
is not unique for this particular series, since a change of phase only, 
without a change of the number and prominence of the overtone com¬ 
ponents, will produce a change in the resulting wave form. In other 
words, the phase relations of the different components of a complex 
tone do not seem to affect the quality. This is consistent with the reso¬ 
nance theory of hearing, which postulates that the cochlea, like a harp, 
responds in conformity with the laws of physical resonance. In other 
words, a complex tone, which is made up of a fundamental frequency 
and several overtones, stimulates various portions of the cochlea — the 
low-frequency components excite those cochlear fibres which are rela¬ 
tively long and loosely stretched, whereas the high-frequency components 
excite those cochlear fibres which are relatively short and tightly 
stretched. This process of the reception of sound by the cochlea, on 
the basis of physical resonance, can be strikingly illustrated by removing 
the dampers from the strings of a piano so that all strings are free to 
resonate to their own natural frequencies. If one sings a tone near these 
undamped piano strings, those frequency components which are in the 
sung tone will set into vibration those strings which have the same 
frequencies as the components of the sung tone, and the result is that 
the piano sounds back a fairly good reproduction of the singer's voice. 
Similarly, if one shouts at these strings, the shout is returned with re¬ 
markably good mimicry. In the case of hearing, the cochlea acts in 
much the same way. It sends to the brain a pattern or a “ mosaic ” of 
those frequency components which were in the original sound outside 
of the ear. Whenever quality or timbre is identified with wave form it 
should be borne in mind that it is the number and prominence of the 
overtone components which determine the quality of the sound, and 
that different wave forms, which differ only in the phase relations among 
the overtones, will have, at least very approximately, the same quality. 

The tone produced by a tuning fork is a close approximation to a pure 

7 There is sometimes an ambiguity in the use of the terms overtone and harmonic . 
Overtones are component frequencies of a tone which have a higher frequency than 
the fundamental or gravest component — they may be harmonic, that is, integral 
multiples of the fundamental, or inharmonic, that is, non-integral multiples of the 
fundamental. The overtones of stringed and pipe instruments are all harmonic, 
whereas the overtones of rods, diaphragms, and bells are for the most part inharmonic. 



VOLUME AND BRIGHTNESS 


85 


tone, and consequently the wave form will be sinusoidal. This is shown 
in the upper curve in Fig. 45. The middle curve in Fig. 45 represents 
the wave motion of a violin tone having the same pitch and amplitude 
as that produced by the tuning fork. The curve at the bottom, in like 
manner, represents the wave form of a tone produced by the oboe, hav¬ 
ing the same amplitude and frequency as the tones produced by the tun¬ 
ing fork or violin. It will be noted at 
once that the wave form of the tone of 
the oboe is very much more complicated 
than the tone of the tuning fork or even 
the tone of the violin; that is, it is very 
rich in harmonics. The three curves 
shown in Fig. 45 represent tones of the 
same pitch and loudness, but differing 
in quality. There are many musical 
tones which agree in pitch and loudness 
but which contain large numbers of 
characteristic overtones. It is evident, 
therefore, that the acoustical properties 
of a room may alter very appreciably the 
quality of such tones by reason of selec¬ 
tive interference or absorption of certain 
of the overtone components. It is nec- 
essary therefore that the acoustics of a Fia 45 . wJ^forms of tones pro- 
room be adjusted to preserve as nearly as duced by the tuning fork, the 

possible all the frequency components violin, and the oboe. All three 

which are used in speech and music, tones are of the same pitch and 
otherwise the ear will receive a distorted (approximately) the same loud- 
image of the original sound. 

40. Volume and Brightness. There are two other characteristic 
properties of tone which are often associated with quality, but which 
should be considered separately since they result from different physical 
effects. Volume of tone, apart from intensity or loudness, designates 
a certain extensity or spreading out of tone; it is regarded as large for 
low-pitched sounds, and diminishing with rise in pitch. It also seems 
to increase with increasing loudness of tone. It is probably related to 
the length or extent of the cochlear membrane which is activated by a 
particular tone. Thus a pure tone of large volume is one which is asso¬ 
ciated with a relatively broad band of activated cochlear fibres, and a 
pure tone of small volume is one which is associated with a narrow band 
of activated fibres. According to present theories of hearing, both low 
and loud tones would excite broad areas of cochlear fibres, and we there- 
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fore should expect such tones to have a large volume according to this 
view. 

Brightness, on the other hand, is associated with the sharpness of 
curvature of the resonant area of the cochlear membrane — if a tone is 
judged as being very bright it is supposed that the activated cochlear 
fibres are deformed into a relatively pointed area, whereas if a tone is 
judged as lacking brightness it is supposed that the resonant area is 
relatively flat. These properties of volume and brightness are important 
in determining the musical value of tone, and must not be disregarded in 
the design of music rooms. Thus, it is very probable, on the basis of 
these concepts, that the resonant properties of thin wood paneling, for 
example, will alter both the volume and the brightness of tone 
quality. 

41. Auditory Masking. It is a common observation that noise inter¬ 
feres with the hearing of speech or music. Thus, in a noisy subway car, 
it is necessary to shout almost at the top of one's voice to be heard by a 
near-by companion; whereas in a thoroughly insulated sound studio or 
acoustical laboratory the faintest whispers can be heard at considerable 
distances from the speaker. In absolutely quiet rooms one can even 
hear one's heart beat or the surge of blood through the arteries of the 
head. It is possible therefore to find rooms so quiet as to be unpleasantly 
quiet, although such rooms are exceedingly rare. 

It is impossible completely to ignore a loud noise and listen only to 
another sound, such as speech or music. Unless the loudness of the 
speech or music be sufficiently above the level of the noise, the speech or 
music cannot be fully recognized or appreciated because of the masking 
effect of the noise. This subject of the interfering effect of noise is so 
pertinent to the hearing of speech or music in auditoriums that con¬ 
siderable space will be devoted to it in a subsequent chapter. Only a 
few of the fundamental properties of auditory masking will be men¬ 
tioned in this section. 

If two tuning forks — one of say 400 cycles and the other of 1200 
cycles — be sounded simultaneously, both tones will be recognized for 
several seconds, after which the one of higher pitch will fade away until 
only the tone of lower pitch can be recognized. If now the fork of lower 
pitch be stopped, one is surprised to hear the other fork sounding at an 
appreciable loudness. The low-pitched tone had completely masked 
the one of higher pitch. If, on the other hand, one sounds both forks 
again and, after several seconds, stops the high-pitched fork, it is ob¬ 
served that the higher tone had relatively little masking effect upon the 
lower tone. It appears from this experiment that low-pitched tones — 
especially if they are of considerable intensity — produce a rather marked 
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masking effect upon high-pitched tones, whereas high-pitched tones 
produce only a feeble masking effect upon low-pitched tones. 


200 CYCLES 


400 CYCLES 



Frequency of vibration 


FREQUENCY OF VIBRATION 


111 1 ] 


Fig. 46. Auditory masking of one tone by another. {Wegel and Lane.) 


More precise measurements of the auditory masking of one tone upon 
another indicate that the greatest masking occurs when the pitch of the 
masking tone is almost identical with the masked tone. A thorough 
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investigation of the auditory masking of one tone upon another has been 
made at Bell Telephone Laboratories. 8 The most important data ob¬ 
tained in this investigation are represented by the curves in Fig. 46. 
The frequency of the masking tone is indicated by the number above 
each chart; and the sound level of the masking tone, in decibels above 
the threshold, is indicated by the number at the top of each curve. The 
frequency of the masked tone is represented on the horizontal axis; 
and the number of decibels the masked tone must be elevated above its 
minimal threshold in order to be just barely recognized in the presence 
of the masking tone is represented on the vertical axis. For example, 
the chart in the lower left-hand corner of Fig. 46 shows the masking 
effect of a tone of 2400 cycles, at sound levels of 20, 40, 60,80, and 100 db 
above the threshold. It will be noted that the greatest masking occurs 
for tones near or above the frequency of the masking tone. Thus, in 
order to hear a tone of 3200 cycles in the presence of another tone having 
a frequency of 2400 cycles and a sound level of 80 db, it must be elevated 
about 54 db above the level at which it would be heard in a perfectly 
quiet place. In general, all tones, especially if they are loud, are shown 
to offer considerable masking for all tones of higher frequency than the 
masking tone. Therefore, low-frequency hums or noises usually offer 
especially troublesome sources of interference for the hearing of speech 
or music since they mask nearly the entire range of frequencies which 
make up speech and music. 

42. Impaired Hearing. The person with normal hearing ordinarily 
experiences some difficulty in hearing speech in large auditoriums, even 
if the acoustics of the room is as nearly ideal as possible. The reason 
for this is that the energy of speech of the average speaker in a large 
auditorium is inadequate for perfect hearing. If a person therefore 
has even a slight impairment of hearing he may be placed at a marked 
disadvantage because the intensity of average speech in large rooms 
is just barely adequate for the person with normal hearing. For this 
reason, many complaints concerning the poor acoustics of auditoriums 
come from persons who, unknowingly, have slightly impaired hearing. 
Impaired hearing is much more prevalent than is generally recognized. 
Thus, recent surveys of the hearing of school children indicate that there 
are probably 3,000,000 school children in the United States with im¬ 
paired hearing. Most cases of impaired hearing are so slight that they 
are not detected either by the person with the impaired hearing or by 
his associates. 

•R. L. Wegel and C. E. Lane, “Auditory Masking and Dynamics of the Inner 
Ear,” Phys. Rev., 28, 266 (February, 1924). See also Fletcher's “Speech and 
Healing,” 167. 
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Impairments of hearing are of two general types, and the physical 
characteristics of these two types are strikingly different. In the one 
type of impairment — called nerve deafness — the greatest loss of acuity 
is for tones of high frequency. In some cases of nerve deafness the 
acuity may be nearly normal for low-frequency tones, in which case the 
individual hears nearly all the low-frequency components of speech and 
music; but the high-frequency components are missing. Consequently, 
he does not hear the consonants in speech, which are comprised of high 
frequencies, and the higher harmonics of music are lost to his hearing. 
In the other type of impairment — called conductive deafness — the 
greatest loss of acuity is for tones of low frequency, and the acuity may 
be nearly normal for tones of high frequency. In general, this type of 
deafness does not handicap an individual so much as does the nerve 
or perceptive type, since the low-frequency components of speech and 
music are not so important as are the high-frequency components. 

Ordinary conversation in small rooms is sufficiently loud to enable 
persons with 80 per cent or more of normal hearing to Understand aver¬ 
age speech or conversation without noticeable difficulty. In a small 
room the average level of speech is about 60 or 65 db for a person with 
normal hearing, and for a person with only 80 per cent of normal hearing 
this same speech would have an apparent level of about 40 to 45 db, 
which is sufficient for satisfactory hearing. On the other hand, the 
average level of speech in a large auditorium is not more than 50 db 
for a person with normal hearing, and this is reduced to about 30 db for 
a person with 80 per cent of normal hearing, which is insufficient for 
satisfactory hearing. These statements are not only justified by experi¬ 
ments which show the percentage articulation for speech at different 
sound levels, 9 but they are also borne out by the statements from 
individuals with impaired hearing (those having about 80 per cent of 
normal hearing) who state that they experience no difficulty when listen¬ 
ing to conversation in a small room, but that they do not hear in a large 
auditorium unless they sit in the first three or four rows. When the 
sounds of speech and music are diluted by spreading throughout a large 
auditorium, those who have impairments of hearing will suffer a rela¬ 
tively great handicap, especially when the auditorium is very quiet. 
If there is an appreciable amount of noise in an auditorium — and there 
is rarely less than 15 or 20 db — persons who have as much as 85 per cent 
of normal hearing will not suffer any appreciable handicap, since the 
masking effect of the noise produces a slight deafening effect upon the 
individuals with normal hearing, and the individuals with impairments 
of hearing are not bothered by the noise since they do not hear it. It 
• H. Fletcher, “ Speech and Hearing,” 272. 
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often happens therefore that an individual with as much as 85 per cent 
of normal hearing will hear as well as a person with normal hearing. 

A properly designed public address system in an auditorium is of 
special benefit to the 3 per cent or more who have impairments of hear¬ 
ing. Such a public address system, or the sound-reproducing equip¬ 
ment in the modern motion-picture theatre, increases the intensity of 
speech to a level of at least 70 db for persons with normal hearing. This 
provides a sound level of at least 50 db for all those who have as much as 
80 per cent of normal hearing. For this reason many persons with im¬ 
paired hearing may not hear satisfactorily in the legitimate theatre but 
may hear with entire satisfaction the amplified speech from a public 
address system or from the loud speaker associated with motion-picture 
apparatus. 

Impaired hearing is particularly prevalent among those who are ad¬ 
vanced in age. Such persons should always be seated near the speaker. 
In many churches, and in theatres where sound-reproducing equip¬ 
ment is installed, it is advisable to equip a section of seats with special 
telephone receivers which are connected either with the microphone at 
the pulpit, or with an appropriate part of the electrical circuit in the 
sound-reproducing equipment. The installation of equipment of this 
type, for amplifying sound for those having impairments of hearing, is 
an acoustical factor in the design of auditoriums which should not be 
overlooked. Such an expedient may be a real accommodation to as 
many as 3 to 10 per cent of the auditors in a room. Already a number of 
churches and theatres have installed equipment of this type, and the 
results are highly satisfactory. 

43. Summary. The hearing mechanism is a most remarkable instru¬ 
ment, responding to a range of frequencies 10 octaves in extent, sensitive 
to pressure variations against the eardrum as small as 0.001 dyne per 
square centimeter (corresponding to amplitudes of the drum membrane 
as small as 0.000000001 inch) and as large as 1000 dynes per square 
centimeter, and sensible to intensity changes of about 10 per cent, and to 
frequency changes of the order of 0.3 per cent. Besides, it has the 
capacity to analyze complex vibrations into their simple harmonic com¬ 
ponents. Few, if any, instruments can compare in range of response, 
sensitivity, and analytical power with the hearing mechanism. But in 
spite of these extraordinary properties it has limitations which must 
be clearly recognized if one is to understand the problems of hearing in 
auditoriums. Thus, all the components of speech and music in an audi¬ 
torium must possess intensities of sufficient strength to excite appropri¬ 
ate sensations in the normal hearing mechanism; all noise and the pro¬ 
longation of legitimate sounds, which produce a masking effect upon 
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hearing, must be suppressed adequately; and special provisions should 
be made in lecture and other large rooms which will enable many hard- 
of-hearing individuals to hear satisfactorily. 

The ear is the ultimate appraiser of the acoustical outcome of every 
auditorium, and therefore the architect or acoustical engineer will do 
well to gain as complete an understanding of the nature of hearing as is 
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44. Introductory. In Chap. II some of the more important physical 
characteristics of sound were described. In the present chapter atten¬ 
tion will be confined to the physical characteristics of speech and music — 
the two principal forms of sound energy which concern the problem of 
architectural acoustics. The distinguishable as well as the esthetic 
characteristics of speech or music must be carefully preserved during its 
transmission from the source to the listener. 

In the preceding chapter, sounds were classified into two principal 
types: musical and non-musical. This classification may be altered 
slightly, for the present purpose, so as to include three groups of sounds: 
music, speech, and noise. Music is made up of combinations of periodic 
vibrations. The vibrations are regularly repeated, and they usually 
have frequency ratios which can be expressed by simple whole numbers, 
as 2, 3, 4, 5, 6, and often larger numbers. Speech is made up of vibra¬ 
tions, both regular and irregular, produced by the forced flow of air 
through the vocal cords and oral cavities, and modified by the action of 



Fig. 47. Photographic record of the vibration produced by a horn. (D. C. Miller .) 


the tongue, lips, and teeth. Speech, therefore, is both musical and non¬ 
musical. Noise, on the other hand, is made up of a highly irregular 
combination of vibrations. In fact, if the spectrum be determined for 
many complex noises, such as street noises, it will be found that practi¬ 
cally all audible frequencies from the lowest to the highest are present. 
The periodic and harmonic qualities of music or even speech are lacking; 
instead, the component frequencies are transient and usually dissonant. 
Although, according to this definition, noise is different from speech and 
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music, it often happens that extraneous speech or music coming from an 
adjacent room may constitute a noise. From this standpoint, any 
sound which interferes with 
the hearing of speech or 
music, that is, all extraneous 
sound, may be regarded as 
noise. 

The physical characteris¬ 
tics of music, speech, and 
noise are illustrated in Figs. 

47, 48, and 49. Fig. 47 is a 
photographic record of the 
form of vibration produced 
by a horn. It will be noted 
that the vibrations follow in 
a regular or periodic fashion, 
and in addition there is a 
slower periodicity of chang¬ 
ing amplitude. This is one 
of the simplest of musical 
tones. Others, such as the struck string of the piano, are more compli¬ 
cated. When an entire symphony orchestra is playing, the resulting 
vibrations, although principally harmonic, are amazingly complicated. 



s 



Fig. 48. Oscillogram of the word seems. 
{Fletcher.) 
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Flo. 49. Oscillogram of street noise. {Fletcher.) 

Fig. 48 shows an oscillographic record of the spoken word seems. 
The various forms of vibration corresponding to the different parts of 
the word are clearly shown on the oscillogram. For comparison, a 
pure tone of 500 cycles is shown at the bottom of the record. 
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In Fig. 49 is shown an oscillographic record of street noise. The 
highly irregular character of the vibrations which comprise this noise 
is clearly shown. It is a complicated mixture of all sorts of ever-changing 
vibrations, made up from the endless variety of honking horns, grinding 
gears, accelerating motors, squeaking brakes, and a thousand other 
manifestations of the “ machine age.” 

46. Classification of Speech Sounds. Many schemes have been de¬ 
veloped and adopted for classifying the different sounds of speech into 
vowels, consonants, etc. The scheme which is best suited for the study 
of speech in auditoriums is the one used by telephone engineers for study¬ 
ing the nature of speech as it is reproduced over telephone equipment. 
Using essentially this scheme, 1 the principal sounds of spoken English, 
which can be distinguished by the average person, are made up of the 
40 following speech sounds: 

Six long vowels 

u (school) o {dome) a (talk) & (far) a (late) e (see) 

Five short vowels 

u (book) o (some) a (hat) & (men) l (tin) 

Four diphthongs 

i (light) ou (ounce) oi (oil) ew (new) 

Four transitionals 

w (water) wh (when) y (young) h (hot) 

Five semi-vowels 
l r m n ng 

Four voiced fricative consonants 

v (very) z (zone) z (azure) th (this) 

Four unvoiced fricative consonants 
/ (fine) s (sing) th (thick) sh (sheet) 

Four voiced stop consonants 
b d j (jump) g (good) 

Four unvoiced stop consonants 
p t ch (church) k (kite) 

There are other speech sounds, some of which are intermediate between 
those listed, as the a in dance, the o in not , and many others. And there 


1 H. Fletcher, “ Speech and Hearing.” 
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are the many other sounds which are peculiar to foreign languages, as 
the umlauted o and u in German, and the nasal vowels in French. 
However, the ones listed above will be adequate for the conducting of 
English speech tests in auditoriums, and for formulating the require¬ 
ments for the hearing of speech in interiors. 

46. Energy Content of Speech. (jVlost generators of sound are very 
inefficient; that is, the acoustical energy developed is only a small por¬ 
tion of the total energy expended in producing the sound.J The organ 
of speech is one of the more efficient of instruments which generate sound, 
although even Jin the production of speech only a small amount of the 
energy expended is converted into sound energy J (The efficiency of 
some of the best electrodynamic loud speakers is as high as 25 per cent, 
but the efficiencies of most musical instruments and also the human voice 
are very much lower than this.)J 

^Measurements made by telephone engineers indicate that the average 
American in ordinary conversation generates approximately 10 micro¬ 
watts of speech energy (average value, including peaks and silent inter¬ 
vals). The deviations from this average are very great; many speakers 
generate as much as 500 microwatts, whereas others generate less than 
1 microwatt. Again, the same speaker is subject to very wide fluctua¬ 
tions in speech power, varying from less than 0.1 microwatt to several 
thousand microwatts. J 

jit is well known that a speaker attempts to raise the power output of 
his voice when he is speaking in an auditorium, and the larger the audi¬ 
torium the more he exerts himself. It is to be expected therefore that 
the average power of speech increases with the size of the auditorium. 
Tests conducted in a small auditorium, 27,000 cubic feet, indicate that 
the average speech power of the average speaker in such an auditorium 
is about 27 microwatts. Similar tests conducted in a larger auditorium, 
240,000 cubic feet, indicate that the average speech power in an audito¬ 
rium of this size is approximately 50 microwatts. The results of these 
tests confirm a reasonable expectation based upon everyday observa¬ 
tions, namely that a speaker increases the power of his voice in his 
attempt to discount the effect of the size of the auditorium in which he 
is speaking. He attempts to speak so that he will be heard by all 
auditors in the room.^ That he falls short of the requirements for good 
hearing in large auditoriums will be made manifest in a subsequent 
chapter. 

The average person is surprised at the exceedingly minute amount of 
energy contained in speech. Thus, as was mentioned in Chap. II, 
15,000,000 lecturers speaking at the same time generate only one horse 
power of acoustical energy. When the speech power of a single speaker 
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is diffused in a large auditorium the density of sound energy throughout 
the room is reduced to a very small amount. Under such circumstances, 
it is easy to realize why it is difficult to hear well in a large auditorium, 
and why very feeble sources of extraneous noise or vibration may pro¬ 
duce a serious disturbance. For example, the vibrations of a distant 
ventilating fan or motor, or the shuffling of feet on the floor, or the jarring 
of a near-by door may be sufficient to mask many of the speech sounds 
which reach an auditor in a large auditorium. 

Most of the energy in speech is made up of frequencies below 600 
cycles. The fundamental pitch of a man's voice is in the neighborhood 



Fio. 50. Curve [marked E{n)] showing the frequency distribution of sound energy 
in speech. (Crandall.) 

of 100 to 125 cycles, whereas the fundamental pitch of a woman’s voice 
is between 200 and 250 cycles, that is, about one octave above a man’s 
voice. In Fig. 50 is shown a curve which represents the average fre¬ 
quency distribution of sound energy in the speech of six speakers — 
four men and two women. The energy distribution shown in this curve 
was affected by the frequency of occurrence, as well as by the intensities, 
of the frequency components. Thus, the peak in Fig. 50 may be attrib¬ 
uted either to the frequent occurrence of components having fre- 
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quencies around 200 cycles, or to higher intensities of these com¬ 
ponents. 

It will be noted that there is relatively little energy in frequencies 
above 1000, and that the peak of this energy distribution curve is in the 
neighborhood of 200 cycles. Although this curve represents the fre¬ 
quency distribution of the energy of speech, it does not mean that what 
the ear hears are predominantly frequencies below 1000 cycles. The 
sensitivity of the ear is much greater for high-frequency components 
than it is for low-frequency components, the maximal sensitivity occur¬ 
ring for frequencies between 2000 and 4000 cycles. Hence, if the curve 
shown in Fig. 50 were corrected for the sensitivity of the ear so that it 
represented the sound level or the loudness of the various frequency com¬ 
ponents as heard by the ear instead of the intensity, the maximum would 
occur between 500 and 1000 cycles, and the curve would slope down 



Frequency—Cycles per Second 

Fig. 51. Curves showing the approximate frequency distribution of the average 
sound level in speech for men and for women. (Fletcher.) 

rather gently for lower and higher frequencies. This will be better ap¬ 
preciated if the reader will recall the nature of the hearing sensitivity 
curve (see Fig. 42). 

The curves in Fig. 51, due to Fletcher, 2 give relative values of the aver¬ 
age sound level per octave, throughout the audible range, for both men 
and women. The ordinates correspond quite closely to the average level 
of speech in a fairly large auditorium (250,000 cubic feet). The curves 
indicate that the sound level for men’s voices has a maximum at about 
400 cycles, and that the sound level for women’s voices has a maximum 
at about 800 cycles. The maximum for both men’s and women’s voices 
would be at about 600 cycles. (Use will be made of these curves in 
Sec. 132.) 

* H. Fletcher, “Physical Characteristics of Speech and Music,” Bell System Tech. 
Jour., 10, 340 (July, 1931). 
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47. Vowel Sounds. The outstanding property of vowel sounds is a 
prolonged continuance of the same sound. The vocal mechanism in¬ 
volved in the production of vowels is yet a controversial subject, but the 
conclusions reached by Russell, 3 who has made a careful and extensive 
study of the voice by means of X-ray photography and with his own 
laryngo-periskop, indicate that vocal quality in both speaking and sing¬ 
ing is determined largely by the following: 

1. The mode of vibration of the vocal cords, modified by the sur¬ 
rounding and overhanging tissues which control such factors as ten¬ 
sion, damping, width of aperture, and the effective length of the cords. 

2. Amplification or intensification of sound by the “ sounding 
board ” function of the hard palate and the “ megaphone ” function 
of the mouth. 

3. Frictional noises produced by the motion of air through con¬ 
stricted parts of the oral cavities. 

4. The emphasis or accentuation of one or more bands of frequencies 
produced by the resonant action of the oral cavities, and especially 
the large cavity between the lips and the throat. 

Physicists and acoustical engineers have been prone to regard the 
resonant action of the oral cavities as the all-important factor in deter¬ 
mining vocal quality. It is true that this resonant action plays an im¬ 
portant role in the production of vowels. Thus, the tongue divides the 
large cavity between the lips and the throat into two cavities, which form 
a double resonator. The sizes of these two cavities, one fore and the other 
aft, and the size of the opening between them which is controlled by the 
position of the tongue with respect to the palate, impart significant 
resonant qualities to the sounds generated by the larynx. Each of the 
two resonators has its natural or resonant frequency; and both are 
altered by the nature of the coupling, or opening, between the two 
cavities. The resonant frequencies of these cavities, together with the 
damping effects which the surrounding tissues have upon the emergent 
sound, largely determine the characteristic quality of vowels. In fact, 
if models be carefully built to full scale, possessing the same volumes 
and shapes and the same opening between the two cavities as exist 
in the mouth during the production of vowels, it is possible to produce 
artificially the principal vowel sounds. With such models, Sir Richard 
Paget has been able to reproduce artificially a number of characteristic 
vowels, and even some consonants. It is necessary, of course, to have 
a source of sound similar to that produced by the vocal cords. A large 
bellows blowing a suitable reed, or an elastic band stretched over a small 

*G. Oscar Russell, “Speech and Voice/' 146 (Macmillan, 1931), 
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orifice, will provide a sound quite similar to that produced by the vocal 
cords. If such a sound, which is complex and therefore rich in overtones, 
passes through the two coupled cavities or resonators, it is altered by the 
resonance and damping characteristics of the two resonators in a way 
similar to that accomplished by the oral cavities in speech. 

In sounding the vowel u, the lips are rounded and the tongue is ele¬ 
vated near the throat, thus forming a large resonating cavity in the front 
portion of the mouth, and a small and less important cavity in the rear 
portion of the mouth. In sounding the vowel d the tongue divides 
the cavity into two more nearly equal cavities; and in sounding the vowel 
e the front cavity is made rather small and the rear one relatively large, 
and in this case both cavities produce marked resonance effects. Other 
vowel sounds are characterized by one or more regions of resonance, and 
it is the presence of these resonant regions which leads physicists to 
attach so much importance to the resonant properties of the oral 
cavities. 

These regions of resonance in the principal vowel sounds are shown 
in Fig. 52. These curves also show the relative prominence of all the 
different frequency components which comprise the principal vowel 
sounds — taking into account the sensitivity of the ear so that the 
ordinates represent the sound level rather than intensity. Note that 
there are rather marked physical differences among the different vowels, 
and that the detailed structure of each sound is very complicated. It 
is rather surprising that the sounds produced by a man's voice differ so 
much, not only in the fundamental resonant frequencies but also in fine 
structure, from the same sounds produced by a woman's voice. In most 
of the curves there are two outstanding regions of resonance correspond¬ 
ing to the resonant frequencies of the front and rear oral cavities of the 
mouth, and it is these characteristic regions of resonance which identify 
the different vowel sounds. 

The curves given in Fig. 52 are of interest in the study of architectural 
acoustics, because they show the range of frequency and the form of 
vibration of the principal sounds of speech. For example, the u as in 
pool includes principally the range between 128 and 2048 cycles, whereas 
the e as in team has a very important band of frequencies well above 2048 
cycles. In general, these curves indicate that for the hearing of speech 
in auditoriums it is necessary to consider the characteristics of the room 
for the frequency band between at least 100 and 5000 cycles. Again, 
considering the differences between the same vowels as spoken by a man 
or a woman, or even by different men or women, it is obvious that con¬ 
siderable distortion can be tolerated without sacrificing those character¬ 
istics which are essential for the correct auditory recognition of the 
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sounds of speech. This is most fortunate for the hearing of speech 
auditoriums, since there are many unavoidable distortions owing 
interference, selective absorption, resonance, and reverberation. 


U (pool) 
u(put) 
o(tone) 

6 (talk) 
o(ton) 
a (father) 
rfpart) 
a(tap) 
e(ten) 

?(p*rt) 
a(tap*) 
l (tip) 
l (team) 

64 90 a6 jA1 tj6 ytt jit 7*4 10241446 * 4*6 tty 4076 379 a 

Male - Fluency FmaU - 

Fio. 52. The energy distribution of speech for a number of typical speech sounds, 
corrected for the sensitivity of the ear. (Crandall.) 

The whole problem of vowel formation is still a battle ground for 
phoneticians and others, and some authorities insist that the form of 
vibration of the vocal cords is the principal factor in determining the 



.a s 
















VOWEL SOUNDS 


101 


composition of vowel sounds. 4 We are sure of one thing, and that is 
the physical constitution of the vowels after they are formed; namely, 
the frequency components, the amplitudes of the various components, 
and the general form of the vibration, including the initial and terminal 
endings. The types of vibration can be faithfully recorded by distor¬ 
tionless oscillographs, and these can be carefully analyzed by mechan¬ 
ical or electrical analyzers. The oscillographic records obtained by 
Dr. I. B. Crandall, and shown in this chapter, are among the very best 
which have been obtained to date. Such a record of the vowel u as in 
pool is shown in Fig. 53. The time, in hundredths of a second, is 
stamped above the record. It will be noted that the sound builds up to 



Fig. 53. Oscillogram of the vowel u, as in pool. {Crandall and Sacia.) 


a fairly steady state in 0.04 or 0.05 second, continues in this steady state 
for about 0 2 second, and then dies away for about 0.1 second. Seg¬ 
ments taken from similar records of all the long vowels are shown in 
Fig. 54. It will be noted that there is a marked difference among all 
of these, and especially between the u in pool and the e in team . One 
would expect that these latter two sounds would never be confused, and 
such is found to be the case. On the other hand, the wave forms for the 
a as in talk and the d as in part are more nearly alike, and it is found that 
these sounds are more frequently mistaken, especially in auditoriums 

4 See for example the X-ray photographs of Russell (Figs. 123 and 124) in his 
book on “Speech and Voice,” which show two greatly different shapes of the oral 
cavity in the same speaker while sounding a perfectly normal “ah.” See also Figs. 13 
to 18 in Russell’s book. 
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where there is appreciable distortion from interference and reverbera¬ 
tion. However, in spite of these close similarities in certain vowels 
and the distortion introduced by reflections of sound in auditoriums, the 
vowels are nearly always heard correctly in auditoriums. The vowels 
enjoy the distinction of comprising most of the energy of speech — a 
most potent advantage in large auditoriums, and thej' differ sufficiently 
in their physical characteristics to make their identification quite certain, 
even in rather faulty auditoriums. Nearly all the difficulties which 
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Fia. 54. Portions of typical oscillograms of the long vowels. {Fletcher.) 

arise in the hearing of speech in auditoriums are attributable to errors in 
the recognition of the consonant sounds. 

48. Consonant Sounds. Many of the consonant sounds are charac¬ 
terized by a prolonged continuance of the same sound, as z in zone and 
g in good. In such consonants, that is, the voiced consonants, the vocal 
cords produce the sound in much the same way that they do for the 
vowels. However, there are many consonants such as p, k, t } /, and s , 
which do not utilize the vocal cords, but which are produced largely by 
frictional vibrations set up between the lips, between the tongue and 
teeth, or between the tongue and palate. In general, these unvoiced 
consonants are made up of relatively high frequencies, and their energy 
content is very small compared with that of the vowel sounds. Some 
of these unvoiced consonants contain frequencies as high as 15,000 cycles, 
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and contain an amount of energy which is only about one ten-thousandth 
of the energy of vowels. 

A number of interesting characteristics of both vowels and consonants 
are shown in Fig. 55. This chart contains the curves for the minimal 
threshold of audibility and also the threshold of feeling. These were 
discussed in the preceding chapter. In addition, this figure shows the 
more important regions of frequencies and intensities involved in the 
production of either vowels or consonants. Thus, the vowels and voiced 
consonants are made up principally of frequencies between 500 and 3000 
cycles, and in normal conversation these sounds produce a pressure 



Fig. 55. Frequency-sensitivity curves showing approximate frequency and inten¬ 
sity ranges for vowels and consonants. ( Steinberg .) 


against the drum membrane of about 1 dyne; that is, the sound level 
is about 60 db. On the other hand, the unvoiced consonants are made 
up principally of frequencies between 2500 and 10,000 cycles, and the 
pressure against the drum is of the order of 0.05 dyne, or the average 
sound level is about 25 db. The chart also shows the difference in the 
fundamental pitch of a man’s voice and a woman’s voice. Since the 
fundamental of a woman’s voice is about one octave higher than the 
fundamental of a man’s voice, all the speech sounds produced by a 
woman contain frequency components which are considerably higher 
than those produced by a man’s voice. A woman’s voice therefore con¬ 
tains a relatively greater proportion of frequency components above, say, 
4000 cycles and a smaller proportion below 4000 cycles than does a man’s 
voice, and for this reason, if for no others, the speech of women is more 
difficult to understand than the speech of men. Tests of telephone 
engineers indicate that women’s voices are not heard so well over the 
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telephone as are men's voices. Experience also bears out this same con¬ 
clusion in regard to the hearing of women in auditoriums. In the 
design of auditoriums, it is well to bear in mind these fundamental 
differences in the speech of men and women. It means that the audito¬ 
rium which is designed exclusively for women imposes a slightly more 
difficult problem than does the auditorium which is designed exclusively 
for men. In practice, little if any attention is given to this difference, 
but in special cases it is a factor which should not be overlooked. 

49. Articulated Speech. In the preceding sections the physical char¬ 
acteristics of vowels and consonants have been considered separately. 
Articulate speech consists of a flow of various combinations of conso¬ 
nants and vowels. The nature of the articulation of the separate syl¬ 
lables and words in speech, and the rapidity with which the separate 
syllables follow one another, have a potent bearing upon how well tlje 
speech will be heard in an auditorium. If the separate syllables are 
clear cut and accurately pronounced, and if they follow each other delib¬ 
erately, and at a sufficiently slow speed, the speech will be readily under¬ 
stood. On the other hand, if the separate syllables are inaccurately 
formed, and if they follow each other in rapid succession, they will not 
be heard distinctly. The rate at which the separate syllables are spoken 
has a most significant bearing upon how well speech is heard in most 
rooms. In a room which is free from reverberation, the separate syl¬ 
lables may follow each other in rapid succession and yet be clearly under¬ 
stood, because each sound dies away quickly and does not interfere with 
the succeeding ones. On the other hand, rapidly flowing speech in a 
reverberant room is heard very poorly because the separate sounds of 
speech persist so long that they all confuse. 

The normal rate of flow of speech is about four to five syllables per 
second. Each sound does not have more than about one fifth of a 
second in which to make its impression upon the auditory mechanism. 
Since the time of reverberation in a room is nearly always in excess of 
one second, the three or more syllables preceding the one upon which 
attention is focused will yet remain audible and will produce a masking 
effect dependent upon their intensities and their frequency composition. 
A detailed discussion of this effect will be given in a subsequent chapter. 

60. Physical Characteristics of Musical Sounds. Music, like speech, 
is a composition of vibrations, often complicated, but the frequencies 
are usually related to series of simple numbers. The range of frequen¬ 
cies employed is even a little wider than that used in speech, extend¬ 
ing from about 20 or 25 cycles to 17,000 cycles. In addition, the 
acoustical power generated by musical instruments, including the sing¬ 
ing voice, is in general considerably greater than that which is generated 
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in speaking. Thus, whereas the average speaker generates an average 
power of about 50 microwatts in a fairly large auditorium, a vocalist or 
a musical instrument generates an average power of about 100 micro¬ 
watts and will often generate 500 to 5000 microwatts in the same audito¬ 
rium ; that is, the intensity of music in a room is usually several decibels 
higher than the average intensity of speech. For this reason, less diffi¬ 
culty is encountered in hearing music in auditoriums than is encountered 
in hearing speech. The acoustical power generated in singing, or in the 
playing of musical instruments, is therefore adequate for satisfactory 
hearing, even in auditoriums considerably larger than those in which it 
is possible to hear speech. 

Again, musical sounds are not so transient in character as speech 
sounds. The separate tones of music often are sustained for an appre¬ 
ciable fraction of a second or longer, and the change in pitch is nearly 
always ordered in conformity with the simple number relations among 
the frequencies which make up the musical scale. Thus, three tones 
which are basic in musical composition have the frequency ratio of 
3:4:5. This combination constitutes what is known as a major triad, 
an example of which is the familiar do, mi, sol. (The frequency ratios 
of the most common musical intervals were given in Sec. 38.) Other 
simple ratios are characteristic of the frequencies which make up the 
notes in the commonly used diatonic scale. In fact, the basis of har¬ 
mony in music is the simplicity in the ratios of the frequencies which 
make up a musical chord for a musical composition. If a number of 
tones have frequencies which are proportional to small integral numbers, 
the tones when sounded together will be harmonious, or consonant. On 
the other hand, if a number of tones have frequencies which are repre¬ 
sented by fractional numbers, these tones when sounded together will in 
general be discordant, or dissonant. 

A certain amount of reverberation in auditoriums can be tolerated, 
and in fact is often a desirable property, for musical tones which follow 
each other in a harmonious sequence, since the persistence of the sep¬ 
arate tones, owing to reverberation, blend or harmonize with the suc¬ 
cessive tones. On the other hand, a sequence of tones which would 
constitute a dissonant series may suffer more from reverberation since 
the persistence of the separate tones would not combine in a harmonious 
manner. It is apparent therefore that reverberation may contribute 
to the acoustical quality of a room intended for music, since the separate 
tones are rounded out and blended into an artistically integrated whole; 
and at the same time the same amount of reverberation might prove 
a real hindrance to the hearing of speech. 

The separate tones which comprise music are in general made up not 



106 


THE NATURE OF SPEECH AND MUSIC 


of a single simple harmonic vibration, but of long and complex harmonic 
series. In some instances the higher harmonic components may be 
much more prominent than the fundamental. As was shown in the 
preceding chapter, it is the number and prominence of these harmonic 
components which determine the quality or timbre of musical tones. 
If there is an abundance of harmonics, the tone is said to be rich, or full, 
or round. On the other hand, if there are relatively few harmonics, 
the tone is said to be thin, or poor. 

The wave form and the harmonic components of musical sounds have 
been analyzed by Professor D. C. Miller, using the phonodeik and me¬ 
chanical harmonic analyzers; by Bell Telephone Laboratories, using a 
high-quality oscillograph and an electrical harmonic analyzer; and by 
others. In Figs. 56, 57, 58, and 59 are shown the oscillograms and the 
resulting acoustical spectra of some musical sounds produced by the 
human voice, the piano, violin, clarinet, and organ pipes. The ordi¬ 
nates in these acoustical spectra represent the amplitude of vibration 
of the various components and not the sound level in decibels. An in¬ 
spection of Fig. 56 shows that the voice is characterized by a rather 
prominent fundamental tone with the harmonics diminishing as they 
become of higher order. This is also generally true of the piano and the 
violin, as will be seen in Figs. 57 and 58. On the other hand, it will be 
noted in Fig. 58 that the clarinet is particularly rich in high harmonics, 
especially the eighth, ninth, and tenth harmonics. In the case of the 
cello organ pipe (Fig. 59), it will be noted that the third harmonic is 
about five times greater than the fundamental. It should be men¬ 
tioned that in general there are frequency components higher than those 
shown in the spectra — extending perhaps as high as 15,000 or 17,000 
cycles. They are not indicated in the reproduced spectra because of the 
limitations of the analyzing equipment. 

Recently, the Bell Telephone Laboratories have developed an elab¬ 
orate and time-saving analyzer which is very useful for determining 
both the average and peak values of the sound energy in different fre¬ 
quency bands of music, speech or noise. 5 In Figs. 60 to 69 are shown 
the average relative sound pressures for different frequency bands pro¬ 
duced by certain musical instruments and by a 75-piece orchestra. 
The ordinate is the ratio of the average alternating pressure for the fre¬ 
quency band considered to the average pressure for the entire range of 

•See H. K. Dunn, ‘‘A New Analyzer of Speech and Music,” Bell Laboratories 
Record, 9 , 118 (November, 1930); L. J. Sivian, “Speech Power and Its Measure¬ 
ment,” Jour. Acous. Soc. (Supplement to January, 1930); Sivian, Dunn, and White, 
“Absolute Amplitudes and Spectra of Certain Musical Instruments and Orchestras,” 
Jour. Acous. Soc., 2, 330 (1931). 
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Fig. 60. Curve showing the average pressure per cycle of various frequency bands 
for a bass drum. (Siirian, Dunn , and White.) 
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Fig. 61. Curve showing the average pressure per cycle of various frequency bands 
for a snare drum. (Sivian, Dunn, and White.) 
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Fig. 62. Curve showing the average pressure per cycle of various frequency bands 
for a bass viol. (Sirian, Dunn , and White.) 
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Fig. 63. Curve showing the average pressure per cycle of various frequency bands 
for a trombone. (Sivian, Dunn , and White.) 
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Fia. 65. Curve showing the average pressure per cycle of various frequency bands 
for a clarinet. ( Sivian , Dunn , and White.) 
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Frequency—Cycles per Second 

Fia. 66. Curve showing the average pressure per cycle of various frequency bands 
for a flute. (Sudan, Dunn t and White.) 
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Fio. 67. Curve showing the average pressure per cycle of various frequency bands 
for a piccolo. ( Sivian, Dunn, and White.) 
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Fig. 68. Curve showing the average pressure per cycle of various frequency bands 
for a piano. ( Sivian , Dunn, and White.) 
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Fig. 69. Curve showing the average pressure per cycle of various frequency bands 
for a 75-piece orchestra. ( Sivian , Dunn, and White.) 
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Fig. 70. Curves showing the average pressure per cycle of various frequency bands 
for Liszt's Hungarian Rhapsody No. 2, played on the piano. ( Sirian .) 
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Fig. 71. Approximate frequency distribution of the sound level of the average 
musical composition as played by piano or orchestra. 
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frequencies divided by the width of the band in cycles per second. In 
Fig. 70 are shown the average pressures produced by a rendition on the 
piano of Liszt’s Hungarian Rhapsody No. 2. If the data given by Figs. 
69 and 70, that is, the data for the orchestra and for the piano, be con¬ 
verted into average sound levels, in decibels above the minimal thresh¬ 
old, the average distribution will be approximately as given in Fig. 71. 


AUDIBLE FREQUENCY RANGE 
TOR MUSIC SPEECH AND NOISE 

—- ACTUAL TONE RANGE 

■mm ACCOMPANYING NOISE RANCE 

• •CUT-OFF FREQUENCY OF FILTER 
DETECTABLE IN * 0 % OF TESTS 



Fia. 71a. Chart showing the range of frequency for different musical instruments. 
The actual tone range, the range which is accompanied by noise, and the range 
required to give distortionless reproduction for each instrument are indicated on 
the chart. According to this chart, the frequency range required for distortion¬ 
less transmission or reproduction of music is about GO to 16,000 cycles per second. 
(Snow.) 

This distribution may be regarded as fairly representative of the aver¬ 
age musical rendition in music rooms, and therefore is of considerable 
importance in connection with the acoustics of music rooms. (See 
Chap. XVIII.) 

It should be mentioned that these average values of sound levels 
are based not only upon the intensity distribution in any one chord, 
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but also upon the frequency of occurrence of the different frequency 
components throughout the entire composition. They reveal, however, 
the general trend of the distribution of sound energy for different musical 
instruments and for typical compositions of music. 

It is obvious that in order to preserve the characteristic quality of 
musical tone it is necessary that all harmonic components be unaltered 
as they are transmitted from their source to the listeners in an audito¬ 
rium. This is strictly impossible in an auditorium where there are re¬ 
flecting surfaces which cause certain frequency components to unite in 
phase and other frequency components to unite out of phase. Further, 
the rate of absorption of sound by the boundaries and contents of the 
room may be greater for certain frequency components than for others. 
Thus, many acoustical materials are of such a nature that the high- 
frequency components will be absorbed more rapidly than the low- 
frequency components. This may detract from the richness of musical 
quality, by suppressing the higher overtones. These sources of distor¬ 
tion are not encountered in the open, and therefore music in the open 
retains its original quality with greater fidelity than it possibly can in 
a room, although music in the open will lack the beneficial effects of 
reverberation and resonance which are supplied by properly designed 
architectural interiors. 

It should be the aim of all acoustical designing to treat a room in such 
. a manner that all the harmonic components will be preserved as nearly 
as possible in their true proportions. It is particularly advisable in 
this connection to avoid materials which are highly absorptive for the 
high-frequency components and very poorly absorptive for the low- 
frequency components. This matter will be discussed more fully in 
a subsequent chapter. 
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CHAPTER V 

THE REVERBERATION OF SOUND IN ROOMS 

61. Introductory. The simple action of reverberation and its impor¬ 
tance in determining the acoustical properties of a room have been dis¬ 
cussed in preceding chapters. Consideration will be given in the present 
chapter to the theoretical aspects of reverberation; that is, to the formu¬ 
lation of quantitative principles or laws which will clarify the phenome¬ 
non of reverberation and which will make it possible to calculate the 
reverberatory properties of enclosed or partially enclosed spaces, and to 
determine the absorptive properties of building materials. 

When a sound is generated in a room it is propagated in all directions 
from the source with a speed of more than 1100 feet per second. The 
spreading sound waves soon encounter the boundaries of the room and 
are reflected or diffracted in accordance with the laws which were set 
forth in Chap. II. The reflected components soon strike other portions 
of the boundaries and are successively reflected and absorbed until the 
vibratory motion is completely absorbed by the air or the boundaries 
of the room. Most of the absorption takes place at the boundaries, 
although high-frequency sounds are absorbed appreciably as they are 
transmitted through the air. 1 If the source continues to generate sound 
at a constant rate, a condition of equilibrium will be reached in which 
the rate of supply of sound energy to the room is just equal to the rate 
of absorption by the air and the boundaries. When the source is first 
started in the room, the average intensity of sound builds up until this 
steady state condition is reached. If now the source be stopped, the 
sound in the room will die away at a rate equal to the rate of absorption, 
which is determined principally by the size, the shape, and the boundaries 
of the room. The time required for the intensity of the sound to be 
reduced a specified amount will depend upon (1) the number of reflec¬ 
tions which occur per second, and (2) the amount of sound energy which 
is absorbed at each reflection. If the room be a large one there will be 
only a few reflections per second; and in addition, if but a little sound 
energy be absorbed at each reflection, it will require a relatively long 
time for the intensity of ordinary sounds to be reduced to the threshold 
of audibility. Such a room will be excessively reverberant. On the 

1 V. 0. Knudsen, “The Absorption of Sound in the Air,” Jour. Acous. Soc., 8,126 
(July, 1931). 


119 



120 THE REVERBERATION OF SOUND IN ROOMS 

other hand, if the room be small and the boundaries highly absorptive, 
the room will be free from reverberation. 

Since the average intensity of speech or music in a room is of the order 
of one million times the intensity which is just barely audible, and since 
the hard, rigid boundaries may reflect as much as 95 per cent of the inci¬ 
dent sound energy, it is apparent that an appreciable time, amounting 
to several seconds in many instances, is necessary for the sounds of 
speech or music to be reduced to inaudibility. For example, consider 
a room in which reflections occur, on the average, at intervals equal to 
the time required for a sound wave to advance 51 feet. That is, the 
average distance which a sound wave travels through the air between 
successive encounters against the boundaries of the room is 51 feet. 
This distance is called the mean free path. Since the velocity of sound 
is approximately 1122 feet per second, there will be in this room just 22 
reflections each second. Thus, if the initial sound in the room has an 
intensity of 1,000,000 threshold units, and if 98 per cent of the incident 
sound energy is reflected at each reflection, it will be possible to arrive 
at an approximate notion of the nature of the reverberation or the dura¬ 
tion of audibility in the room in the following simple manner. After 
the first reflection 1 X 0.98, or 0.98 of the sound energy, remains in the 
room; after the second reflection 0.98 X 0.98, or 0.96 of the initial sound 
energy remains in the room, and so on. If by this process the energy is 
to be reduced to one millionth of its initial amount, it would require 
n successive reflections, where n is given by the equation 0.98* = 
0.000001; that is, 0.98 to the nth power will be equal to one millionth. 
If this equation be solved for n, it will be found that n is equal to 684; 
that is, it requires 684 successive reflections in this particular room for 
the sound to die away to inaudibility. Since 22 reflections occur each 
second in this room, the time required for the sound to die away to inaudi¬ 
bility would be 684 -s- 22, or 31.1 seconds; that is, the time of rever¬ 
beration in this room would be approximately 31.1 seconds. 

By a similar consideration it can be shown that if this same room were 
completely lined with a material which reflects only 50 per cent of the 
incident sound energy, the total number of reflections would be reduced 
to about 19.9, and the time of reverberation would be of the order of 0.9 
second. The absorptive properties of the boundaries of a room are thus 
seen to have a profound influence upon the reverberation time Tor that 
room. 

52. Theoretical Considerations of Reverberation in a Room — Ap¬ 
proximate Theory. The problem of the reverberation of sound in a 
room was solved in an approximate manner by W. C. Sabine, who at¬ 
tacked the problem by an ingenious combination of experiments and 
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inductive reasoning. Sabine determined the most fundamental prop¬ 
erties of reverberation, and derived a formula which has been extremely 
useful for calculating the time of reverberation in rooms. Until recently, 
the Sabine formula for reverberation has been used very widely by en¬ 
gineers and architects throughout the world. 

In 1911, Jaeger 2 attacked the problem by a statistical method similar 
to the classical methods which had been so successful in the develop¬ 
ment of the kinetic theory of gases. He deduced essentially the same 
reverberation formula as had been obtained by Sabine, and his theo¬ 
retical equation constituted a rather remarkable confirmation of the 
Sabine equation. The fundamental assumptions upon which both the 
Sabine and Jaeger formulas are based require (1) a random or diffuse 
distribution of the flow of sound in the room and (2) a continuous absorp¬ 
tion of sound by the boundaries of the room — conditions which are 
quite completely fulfilled in large reverberant rooms. It is to be expected 
therefore that these formulas would be satisfactory for the practical 
calculation of reverberation in “ live ” rooms, but that they would lead 
to only approximately correct results in “ dead ” rooms. A more gen¬ 
eral theory of reverberation, which applies to both live and dead rooms, 
has been derived by Schuster and Waetzmann, 3 and a part of this theory 

2 A. Jaeger, “Zur Theorie des Nachhalls,” Sitzungsber. d. Kaisl. Akad. d. Wise, in 
Wien, Math.-Natur Klasse, 120, Abt. 2a (1911). See also Eckhardt, Jour. Frank. 
Inst., 196 , 799-814 (June, 1923); and Buckingham, Bureau of Standards Bui. No. 
506 (May 26, 1925). 

3 K. Schuster and E. Waetzmann, ‘‘Reverberation in Closed Rooms,” Ann. d. 
Phys., 1, 671 (March, 1929). Schuster and Waetzmann regard existing theories 
of reverberation (such as those developed by W. C. Sabine and A. Jaeger) as unsatis¬ 
factory. They maintain that these theories concern only the path or “career” of 
a single sound ray in a room, and that the energy losses in the reflections at the 
boundaries are transferred to the average density of sound energy in the room. 
They state that the theory of reverberation should be based upon the wave equation 
for a three-dimensional continuum, and they define reverberation as the damped 
free vibrations of the enclosed volume of air in the room. Reverberation, according 
to their view, deals only with the free vibrations after the sound source in the room 
has stopped, since, after the source has stopped, there are no external forces acting 
upon the air particles. By making special assumptions concerning the distribution 
of the absorptive material in the enclosure and concerning the “order numbers” of 
the free vibrations, they obtain formulas for the rate of decay of the free vibrations 
of sound in a cubical cavity and in a cylindrical cavity (with diameter equal to length) 
which are in fair agreement with the Sabine and Jaeger formula for the decay of what 
might be termed the forced or impressed vibration of sound in the room. The author 
is of the opinion that the complete solution of the reverberation problem in a room 
will have to deal with both the impressed and the free vibrations. If we adopt the 
Huyghens’ principle, the external or impressed vibration may not stop at the instant 
the source is stopped, but each wave front of the direct and reflected waves of sound 
may be regarded as a secondary source of sound which impresses the original vibra- 
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has been independently worked out and experimentally verified by 
Eyring. 4 

In the present section, consideration will be given to the approximate 
reverberation theory — which holds for the impressed vibrations, and 
for live rooms — following essentially the method developed by Jaeger. 

Assume a room of large size, compared with the wave length of sound, 
and with boundaries that are efficient sound reflectors, as plaster or con¬ 
crete. When a source of sound is first started in such a room the sound 
energy spreads out almost spherically until it strikes the boundaries of 
the room. It is then partially absorbed and partially reflected. The 
reflected portion is scattered in many directions. After each reflection 
the distribution of sound energy becomes more nearly uniform in all 
parts of the room, and the direction of flow of sound energy becomes 
more and more diffuse. Ultimately, except in close proximity to the 
sound source, there is in the room a diffuse or random distribution in 
the direction of flow of sound energy. Further, when the equilibrium 
condition is reached, that is, when the rates of absorption and emission 
are equal, the average density of sound energy in the room attains a con¬ 
stant value which will depend only upon the rate of emission of the 
source and the equivalent absorption of the room and its boundaries. 
If the source of sound is a single frequency, that is, a pure tone, the 
density of sound energy will not be uniform throughout the room but 
there will be large fluctuations from point to point owing to the phe¬ 
nomena of interference. If now we assume that che source of sound 
is a uniform band of frequencies at least one half an octave wide, in- 

tion upon the continuum. The impressed vibrations excite the free vibrations of 
the continuum, and it is possible that in many rooms the rates of decay for the 
impressed and the free vibrations are different. For example, the measured rever¬ 
beration time in a small test room was 2.5 seconds, whereas in accordance with the 
Sabine-Jaeger theory the reverberation time should have been reduced to about 0.75 
second. It was obvious, from listening to the decadent sound in the room, that the 
impressed vibrations were quickly damped and that the free vibrations were soon pre¬ 
dominant and were the ones which were very slowly damped. Fortunately, such 
phenomena are not so likely to occur in large rooms, and, practically, they can be 
eliminated in all rooms, provided the absorptive material be distributed on the dif¬ 
ferent surfaces of the room in such a manner that the rates of decay of sound will 
be approximately the same in the three principal directions in the room. Under 
these circumstances, the reverberation formulas based upon the rate of deoay of the 
impressed vibrations (such as will be derived in the following pages) will be satisfactory 
for calculating the reverberation times in practically all architectural interiors. (See 
also Ref. 11, p. 132, and author’s paper on “ Resonance in Rooms ” presented before 
the Acoustical Society of America, in New York, May, 1932.) 

4 C. F. Eyring, “Reverberation Time in ‘Dead’ Rooms,” Jour. Acous. Soc., 1, 217 
(January, 1930). 
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stead of a single frequency, the effect of interference just mentioned will 
be largely overcome, so that when the steady state is reached the density 
of sound energy, and therefore the intensity, will be almost uniform at 
all points in the room not too near the source; but there will still be a 
haphazard or random distribution in the direction of the flow of sound 
energy in the room, and, on the average, the same amount of sound 
energy will flow in all directions. When it is recalled that in a room of 
moderate size each ray of sound which proceeds from the source is re¬ 
flected 20 or more times each second, and that these reflections are likely 
to continue several seconds before the steady state is reached, the as¬ 
sumption of equal probability of flow in all directions becomes fairly 
plausible, especially in live rooms. 

In the following theory a further assumption will be made which is 
equivalent to assuming that the mean free path of the sound is four times 
the volume of the room divided by the interior surface of the room — 
an assumption which is remarkably valid for rectangular rooms of con¬ 
ventional dimensions, but which is only approximately true for peculi¬ 
arly shaped rooms. (See Sec. 55.) Finally, it will be assumed that the 
effects of interference, echoes, resonance, and the change of phase at the 
boundaries can be neglected — assumptions which are acceptable for 
nearly all rooms. For the present, the absorption of sound in the air 
will be neglected. 

Before proceeding with the derivation of the theory for the steady 
state and for the growth and decay of sound in a room it will be advan¬ 
tageous to define the symbols and terms which will be used, as follows: 

V = volume of the room. 

Si 9 $ 2 , <S 3| • • • = exposed areas of the different materials which comprise the 
interior boundaries of the room. S — Si -f + * • • = total interior 

surface of the boundaries of the room. 

ai t « 2 , <* 3 , • • • = coefficients of sound-absorption of the different materials which 
comprise the boundaries of the room. 

a = total absorption of the boundaries = ai*S>i + a 2 S 2 + azSs + • • • . 

E = rate at which soui\d energy is emitted from the source. 

c — velocity of sound in the room. 

p = amount of sound energy per unit volume (volume density) in the room at 
any time t during the growth or decay of sound. 

Po = volume density in the room when the sound has built up to a steady state. 

<6o = time of reverberation in the room, that is, the time required for the sound 
to decay 60 db. 6 

The first step in the derivation is to determine the rate at which sound 

8 This assumes that there is only one rate of decay of sound in the room, which will 
be the case for a simple rectangular room in which the absorptive material is uni¬ 
formly distributed on all surfaces, and in which there are no pronounced resonant 
phenomena. 
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energy strikes the interior boundaries of the room. Obviously this will 
be proportional to p and c. The method of determining this rate is 
essentially the same as that used in the kinetic theory of gases for deter¬ 
mining the rate at which molecules in an enclosed vessel hit against the 
inner walls of the vessel, and may be developed as follows: Suppose that 
abed (Fig. 72) is one of the boundary surfaces in the room, dS a small 
element of surface, and dV a small element of volume a distance r from 
dS making an angle 6 with the normal to dS . The total sound energy 
in dV is pdV, which, according to an assumption which was shown to 
be plausible, is free to radiate equally in all directions. Only a small 
fraction of the sound energy in dV will strike the small surface dS , the 
fraction being given by da>/47r, where dw is the solid angle subtended by 
the surface dS from a point at dV> and 4 w is the total solid angle sur¬ 
rounding dV. That is, the fractional part of the energy in dV which 




will ultimately strike dS is given by the probability which the sound rays 
in d V have of moving in the small angle du. Since du = dS cos 0/r 2 , the 
amount of energy in dV which will be directed toward dS is given by 

JTr dco pdV dS cos 0 

pdV ^r -iar* " (11) 

In order to include in dV all elements of volume separated a distance r 
from dS and making an angle 6 with the normal to dS, it is necessary to 
regard dV as a small annular ring, a portion of which is shown in Fig. 73. 
The thickness of this ring is dr, the width is r do, and the radius ia r sin 0; 
so that the volume dV of the entire ring is the area of cross section times 
the circumference, that is, rdd dr X 2irr sin 6 = 2vr 2 sin 6 dr dd. Hence, 
the amount of energy in this annular ring which will ultimately strike 
dS is 

2ht* p sin 0 cos 6 dS dr dd p sin 6 cos 0 dS dr dd 
47TT 3 " 2 


( 12 ) 
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Now the total energy which will strike dS in one second will be made up 
of all such contributions from all the elements of volume dV that are 
within a distance c from dS, that is, the distance sound travels in one 
second, and within an angle 6 between 0 and t/2. This energy is given 
by a definite integral of (12), in which r has the limits of 0 and c, and 0 
has the limits of 0 and ir/2, namely 

pdS C r/2 . . . pcdS „,v 

-~ 2 ~ J dr J sin 0 cos 0 dd = • (13) 

Hence, the amount of sound energy striking unit area per second will 
be simply pc/ 4, and the amount of sound energy striking the entire 
interior surface of the room per second will be pcS/ 4. (The quantity 
pc/ 4 is also the flux of sound energy through each square centimeter per 
second, which by definition is the intensity of sound in the room.) 
Hence, the total amount of sound energy absorbed per second by the 
interior boundaries of the room will be 

^ (ai*Si + CX 2 S 2 + (X 3 S 3 + • • * ) = • (14) 

The total amount of sound energy in the room at any instant during 
the growth or decay of the sound is Fp, and the rate at which it increases 
or decreases is given by the difference between the rate of emission from 
the sound source, namely E y and the rate of absorption by the boundaries, 
namely pea/ 4. If the changes of p, owing to absorption at the bounda¬ 
ries, occur in such small steps that the growth or decay of sound in the 
room may be regarded as continuous, the rate of change of the total 
sound energy in the room is given by d/dtVp. This condition will be 
approximated if only a small fraction of the sound energy is absorbed 
at each reflection. Hence, for live rooms, 

h v '-r 

or vf t +j P = E. (15) 

This is a fundamental differential equation for the flow of sound energy 
in a room, and, although certain assumptions and approximations im¬ 
pose limitations upon it, it is of prime importance in architectural acous¬ 
tics. The equation is so much like the equation for the growth and 
decay of electrical current in a circuit comprised of inductance L and 
resistance R that it will be of interest, especially to those who are familiar 
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with electrical problems, to compare the two equations. The corre¬ 
sponding electrical equation is 

L^+Ri = e, (16) 

where i is the current and e the electromotive force. It will be seen by 
comparing (15) and (16) that the two equations are identical in form, 
and that there is the following correspondence 

V corresponds with L 


4 

E “ e 


Every student of electrical theory is familiar with the solution of (16). 
The method of solving (15) is identical with that of solving (16), and is 
accomplished by a simple separation of the variables. Thus (15) may 
be written 


V dp 
E-*?- 


= (It, 


(17) 


which is readily integrable. Performing the integration, 

— — log e (^E — = t + constant. (18) 

The constant of integration can be determined by introducing the initial 
condition for the growth of sound energy, namely, that when t = 0, 
p = 0. Hence, the constant of integration is —4 V/ca log„ E. Introduc¬ 
ing this constant in (18), 

E _ pea 

1 4 C(l 4 

0g ‘ E ~ 4F <: 

ca 

E-^= Ee~w‘, 

and finally the value of the energy density of sound during the growth of 
sound in the room is 
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The steady state value of the energy density in the room, p 0 , will be given 
by putting t = oo in (19). The result is 

4tE 

po = A (20) 


and, since the steady state value of the intensity 7 0 is poc/4, 



( 21 ) 


Although theoretically the steady state is reached only after an infinite 
time, practically it is reached in most rooms in only a few seconds. In 
accordance with (20) and (21), the average density of sound energy or 
the sound intensity in a room is independent of the volume and shape of 
the room, and depends only upon the rate of emission E and the total 
absorption of the room a. This, of course, does not hold true in rooms 
in which there are sound foci, as in spherical rooms, cylindrical rooms, 
curved rooms, or rooms coupled together by an opening. 

The equation for the decay of sound in a room is obtained directly 
by putting E — 0 in (17), since the source is off during the decay. The 
constant of integration in (18) is determined by introducing the initial 
condition, namely, that when t = 0, p = p 0 . Hence, for the decay of 
sound in a room, there results 

4 E - ra t 

P = — * 4r = ^ 4r • (22) 


The Sabine reverberation equation can be obtained readily from (22), 
by determining the value of t required for p/p 0 to be equal to 10~ 6 ; that 
is, by determining the time required for the sound to decay to one mil¬ 
lionth of its initial steady state value. Thus, 


or 




55.3 V 
1125a ’ 


0.049 V 


(23) 


In (23) V is in cubic feet and a is in sabines. 6 If the volume be given in 
cubic meters and the absorption in square meters, (23) becomes 


^60 = 


0.161 V 
a 


(23') 


6 The sabine is a unit recently proposed for the absorption of sound. A surface 
has 1 sabine of absorption if it absorbs sound at the same rate as does 1 square foot 
of perfectly absorbing surface, as an open window. (See Appendix I.) 
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It should be borne in mind that these equations apply to rooms in 
which there are a sufficient number of reflections during the growth or 
decay to provide the uniform distribution in intensity, the random dis¬ 
tribution in direction, and the continuous absorption upon which these 
equations were derived; that is, these equations apply to rooms which 
are relatively reverberant and free from pronounced focusing effects. 
It is obvious that the equations for growth and decay would not hold in 
the limiting case when the boundaries have an absorptivity of unity, in 
which case, for example, the reverberation time must be zero, whereas 
according to (23) it would be 0.049 V/S, where S is the interior surface 
of the room; and it is obvious that they would be only approximately 
valid in very dead rooms. Thus, in the example worked out in Sec. 51 
for a room having a mean free path of 51 feet and boundary surfaces 
which reflect 50 per cent of the incident sound, Eq. (23) would lead to 
a calculated time of reverberation of about 1.27 seconds instead of 0.91 
second. 

63. More General Reverberation Formula. 7 A more general rever¬ 
beration formula than that developed by Sabine and Jaeger, and one 
which applies to both live and dead rooms, has been proposed by a num¬ 
ber of investigators, notably by Norris and by Eyring in the United 
States and by Schuster and Waetzmann in Germany. A simple deriva¬ 
tion of this formula by Norris is given in Appendix II. Eyring arrives 
at this formula by assuming that the intensity of sound in a room — 
during the growth, steady state or decay — is given by summing up the 
contributions of radiant sound energy from all possible images which 
surround the source of sound. Thus, according to this view, when the 
source in the room is started, all the images are simultaneously started; 
and the building up of the sound consists of the accumulation of succes¬ 
sive increments from the first order images, the second order images, 
and so on, until all the image sources, of any appreciable magnitude, 
have contributed their portion to the room. At this time the steady 
state is reached, and the rates of absorption and emission of sound are 
equal. Similarly, when the source in the room is stopped, all the images 
of the source are simultaneously stopped; and the decadent sound results 
from the successive losses of radiant energy, first from the source, then 
the first order images, the second order images, and so on, until all the 
images, of any appreciable magnitude, have radiated their energy to 
the room. According to this view, the duration of audibility of the 

7 Here again the treatment of the reverberation problem deals only with the rate 
of decay of the impressed vibrations. (See note 3, p. 121.) That is, the treatment 
does not deal with the rate of decay of the damped free vibrations which are excited 
by the impressed vibrations. 
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decadent sound is equal to the time required for sound to arrive at the 
room from the order of images which is so far removed from the room 
that all images beyond this order will just contribute enough energy to 
the room to produce the threshold intensity. Thus, if the time of rever¬ 
beration for a certain room is 5.0 seconds, it means that all the images 
beyond 5625 feet from the room will supply one millionth of the sound 
energy which is supplied by the source and all its images. In such a 
room, therefore, it is necessary to consider all images which are closer 
than about one mile from the room in order to specify the rate of growth 
or decay, or the steady state of sound in the room. According to this 
view, absorption, and therefore the rate of decay of sound, does not occur 
continuously but in discrete steps. Thus, an observer listening to the 
decadent sound would first sense a large drop in intensity when no more 
sound reaches him from the source, a somewhat smaller drop when no 
more sound reaches him from the first order images, a still smaller drop 
when no more sound reaches him from the second order images, and 
so on. 

If this process of reckoning the growth and decay of sound in a room 
be correct, and it is certainly more nearly correct than the process which 
is based upon the assumption of continuous absorption, it can be shown 8 
that the equation for the growth of sound in a room is 

/ cS log, (1 - a) \ 

P = poll - e TF 'J; 
the equation for the decay of sound in a room is 

cS log, (1 - a) 

P = Po e ^ 

and the reverberation formula (in British units) is 

0.049 V 

" —S log* (1 — a) ’ 

where, as before, S is the total interior surface of the room and a is the 
average value of the coefficient of absorption of the entire interior sur¬ 
face. It will be noted that Eqs. (24), (25), and (26) would be identical 
with the corresponding Sabine-Jaeger equations, (19), (22), and (23), 
if the total absorption a in these latter equations were replaced by 
—S log, (1 — a). For small values of a, —log, (1 — a) is nearly equal 
to a, and therefore the two sets of equations become identical for very 
reverberant rooms. There is, however, an appreciable divergence be¬ 
tween the two sets of formulas for dead rooms, and even for the rooms 

*The interested reader should consult Eyring’s paper for his derivation of the 
reverberation formula. 


(24) 

(25) 

(26) 



130 


THE REVERBERATION OF SOUND IN ROOMS 


encountered in practice. Thus, Eq. (26) gives about 10 to 30 per cent 
shorter times of reverberation than does the corresponding Eq. (23) for 
all rooms having shorter reverberation times than about 3.0 seconds. 
Further, (26) gives zero time of reverberation, as it should, for the 
limiting case of a room bounded by completely absorptive surfaces. 
Eyring has shown by the measurement of reverberation in a dead room 
that (26) is in much better accord with the observed facts than is (23). 
This same conclusion has been confirmed by the author in measurements 
of reverberation in many churches, theatres, and school rooms. Al¬ 
though (26) is admittedly only an approximate reverberation formula, 
it is in better agreement with measurements than is (23), and for this 
reason it generally will be used for calculating the reverberation time in 
rooms. It should be mentioned, however, that Eqs. (24), (25), and 
(26) are strictly valid only for rooms in which all the boundaries have 
the same coefficient of absorption. 

The equations for the steady state of sound in a room, according to 
this more general theory of reverberation, are the same as those given 
by the Sabine-Jaeger theory, namely Eqs. (20) and (21). 

54. Effect of the Absorption of Sound in Air upon Reverberation. In 
the foregoing theory of reverberation only the absorption by the bound¬ 
aries of the room has been considered; that is, the absorption of sound in 
the air has been neglected. But it is known that every type of wave 
motion, including sound, loses a part of its energy as it is propagated 
through a ponderable medium. Thus, the intensity of a plane wave 
after traveling a distance a: in a homogeneous medium is Ioe~ mx , where h 
is the intensity of the wave at the position x = 0, and m is the attenua¬ 
tion or absorption coefficient for the plane wave in the medium. The 
attenuation constant m depends upon viscosity, heat conduction and 
radiation, wave distortion, and possibly molecular absorption. 9 

If the effect of the absorption in the air be introduced in Eq. (25), 
which describes the decay of sound in a room, it becomes 


And since x = ct, 


P = Po 


/ cS log* (1 - a) \ 


[ Slog*«-a) "I 

iV m \ Cl 


(27) 

(28) 


If (28) be solved for t, when po/p = 10®, we obtain the reverberation 
formula which includes the effect of absorption in the air, namely 


0.049 V _ 

— S log* (1 — a) + 4 mV 


(29) 


•See Rayleigh, “Theory of Sound,” 2, 312-323; Herzfeld and Rice, Phys. Rev., 
31 , 691 (1928); Bourgin, Phil. Mag., 7, 821 (1929), and Phys. Rev., 34 , 521 (1929). 
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The second term in the denominator, 4 m V , represents the effective ab¬ 
sorption in the room contributed by the losses in the air. When m is 
negligibly small, as it is for frequencies below about 1000 cycles, Eq. (29) 
reduces to Eq. (26), which does not take account of the absorption in 
the air. For frequencies above about 1000, m increases almost with the 
square of the frequency, and consequently it becomes very important 
at high frequencies. At 4096 cycles, for example, the absorption in the 
air in a large auditorium may amount to as much as 30 per cent of the 
absorption of the boundaries of the room; and in a reverberation cham¬ 
ber with concrete walls, floor, and ceiling the absorption in the air at 
frequencies above 4000 cycles may be several times as great as the sur¬ 
face absorption of the boundaries. 

The coefficient rn is dependent not only upon the frequency but also 
upon the humidity and possibly upon the temperature of the air. The 
approximate values of m for frequencies of 2048, 3000, 4096, and 6000 
cycles, and for relative humidities between about 20 per cent and 70 
per cent (at a temperature of 21° C. or 70° F.), are given in Fig. 74. It 
will be seen that the coefficient m is very much dependent upon the 
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Fig. 74. Curves giving the values of the attenuation constant m for different fre¬ 
quencies and relative humidities. 


humidity, so that the reverberation of high-pitched sounds in rooms will 
be influenced by the humidity of the air. The variation of reverbera¬ 
tion time with relative humidity in the reverberation chamber at the 
University of California at Los Angeles is shown in Fig. 75. It will be 
noted that the reverberation time increases with the relative humidity 
up to about 80 per cent humidity, and then decreases slightly for greater 
humidities. The points of inflection in these curves occur at humidities 
at which condensation appeared on the painted and varnished walls, 
and it is believed that the decrease of reverberation time at high humidi¬ 
ties is attributable to increased surface absorption. 10 

10 V. O. Knudsen, Jour. Acous. Soc., 3 , 126 (July, 1931). 
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In making calculations of reverberation in rooms it is usually suffi¬ 
cient to take account of the absorption in the air at frequencies of and 
above 2048 cycles, and to neglect the air absorption at all lower frequen¬ 
cies. That is, Eq. (26) may be used for calculating reverberation times 
for all frequencies below about 2000 cycles, but Eq. (29), with the appro¬ 
priate value of m , should be used for all higher frequencies. 



Fig. 75. Variation of reverberation time with the change of relative humidity in a 
reverberant room. 


66. Effect of the Shape of a Room on Reverberation. Although the 
reverberation formula (26) is in good agreement with the measured times 
of reverberation in rooms of conventional rectangular shape, such as 
lecture rooms, music studios, and small auditoriums without balconies, 
it is not strictly applicable to rooms of peculiar or complex shape. 
The reverberation formulas (23) and (26) are dependent only upon the 
volume of the room, the areas of the interior surfaces which comprise 
the boundary of the room, and the. absorption coefficients for the interior 
surfaces; they take no account of the shape of the room. 11 ' Obviously, 

11 M. J. O. Strutt, Z. ang. Math. Mech., 10, 360 (1930), in a theoretical paper on 
the acoustics of large spaces, shows that from a consideration of the forced and free 
vibrations in a room, having an arbitrary distribution of absorption, the time of 
reverberation, at least for high-frequency sounds, is proportional to the volume of the 
room divided by the total absorption in the room, and does not depend upon the shape 
of the room. 
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the rate of decay of the impressed vibrations depends upon the mean free 
path and upon the distribution of absorptive material in the room. 
According to the approximate theory we have considered — in which 
it is assumed that the sound is diffuse and the intensity uniform in all 
parts of the room — the mean free path is 4 V/S for the rectangular 
room of conventional shape. But the mean free path in many rooms, 
especially for the first few reflections, is dependent upon the location 
of the source and upon the shape and the architectural treatment of the 
interior of the room, and is not always given by 4 V/S, as is implied in 
(23) and (26). Thus, in the case of a spherical room (with source at 
the centre), the mean free path is 6.0 V/S, and presumably the mean 
free paths for a cubical room and for a cylindrical room (with the sources 
at the centre) differ from 4 V / S . (See articles referred to in notes 3 and 
4 of this chapter.) It is necessary therefore to replace the constant 
0.049, which appears in (26) with a constant k which is proportional to 
the mean free path for each room. The reverberation formula therefore 
may be written in the form 

For the conventional rectangular room, and at ordinary room tempera¬ 
tures, k is 0.049; and for practical calculations which arise in building 
design it is generally assumed that k = 0.05 for the conventional room. 
It will be shown in this section that this value of k is approximately 
correct for nearly all types of room which arise in practice. 

The values of the mean free path and of k for different shaped rooms 
have been determined experimentally by constructing, with fibre board, 
three-dimensional models, to a scale of \ inch = 1 foot, and measuring 
the lengths of successively reflected rays of light in the model. A source 
of plane parallel light is first located at the most probable position for 
the source of sound in the room. This source is an improved miniature 
flash light consisting of a good concave lens with a straight filament lamp 
at the focus of the lens. The flash light casts on a distant wall an image 
of the filament, and this image is reflected by a small plane mirror which 
is held against the wall by means of a thumb tack cemented to the back 
of the mirror. The distance from the source to the first image on the 
wall is measured and recorded. The source is then moved to the position 
of the first image, directed along the path of the first reflection, and the 
mirror moved to the new position of the image on the wall. The path 
length of this ray of light is then measured and recorded, as before. 
This process is continued for 25 successive reflections. The average of 
the 25 path lengths gives approximately the mean free path for a par- 
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ticular ray of sound, which however depends upon the original direction 
of the ray. Thus, if the original ray had started along the longitudinal 
axis of a rectangular room with parallel walls, the mean free path for 
this ray would be the length of the room. In order to obtain a more 
accurate value of the mean free path it is necessary to make measure¬ 
ments of successive path lengths on a number of rays, all of which have 
been started in directions which, taken in the aggregate, will be repre- 



LONG SECTION 

Fiq. 76. Plan and section of simple rectangular model showing position of source 
and original directions of rays for determining *‘mean free path.” 


sentative of all probable directions for the rays of sound from a point 
source. By choosing 9 representative directions for the original ray, 
all confined within a single quadrant, and making measurements of 25 
successive path lengths for each of the 9 rays — 225 measurements in 
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all — it is possible to attain an accuracy in the determination of the 
mean free path which is sufficiently good for most practical purposes. 
The 9 representative directions within one quadrant have azimuths 
of 15°, 45°, and 75°; and elevations of 15°, 45°, and 75° for each of 
the three azimuth angles. 

It is possible also to record the number of reflections which occur from 
the ceiling, side walls, end walls, floor, balcony soffit, or any other re¬ 
flecting surface, and thus determine the effectiveness of different sur¬ 
faces for absorptive treatment. Thus, in a very large room with a low 
ceiling, it would seem probable that the total number of reflections from 
the ceiling and floor (provided only the first few reflections be consid¬ 
ered) would be greater than would be predicted on the assumption that 
all surfaces in the room have the same probability of being hit by sound 
rays (which was the assumption made in the derivation of the reverbera¬ 
tion formula). 

A sample set of measurements for a simple rectangular room, without 
balcony, 70 feet by 96 feet by 48 feet, is given in Table II. Fig. 76 is a 
plan and longitudinal section of the model showing the position of the 
source and the directions of the original rays. The individual path 
lengths, 12 the average for each series of 25 measurements on the 9 differ¬ 
ent rays, the average for the 225 measured path lengths (the “ mean free 
path ”), and the number of reflections from each surface are tabulated. 
For this model the measured mean free path is 44.0 feet, which agrees 
remarkably well with the theoretical value 4 V/S, namely 43.7 feet. 

With regard to the distribution of reflections from the different sur¬ 
faces it will be noted that there are relatively more reflections from the 
ceiling and floor than there are from the walls. If the number of reflec¬ 
tions from each of the different surfaces be divided by the areas of the 
corresponding surfaces, the resulting quotients will give relative values 
of the probabilities of reflections from the different surfaces, provided of 
course that a sufficiently large number of starting directions and reflec¬ 
tions have been tabulated to warrant the application of the theory of 
probability. From the limited data for this model, the ceiling and floor 
are situated in such a manner as will give more reflections of sound per 
unit area of surface than will the side or end walls. However, these 
results must be taken qualitatively rather than quantitatively. The 
number of original directions, namely, 9, and the total number of meas¬ 
ured and charted reflections in each model, namely, 225, is far too few 
to warrant any accuracy in determining the probability of reflections 
from the different surfaces in that model. However, the data from three 

l * The individual path lengths are recorded for the first 3 rays, and to conserve 
space, only the average values are given for the remaining 6 rays. 
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Table II 

MEAN FREE PATH MEASUREMENTS IN RECTANGULAR ROOM 


Model built to scale of $ in. = 1 ft. 0 in. Room dimensions = 70 ft. by 96 ft. by 48 ft. 
Symbols: S = side walls, E = end walls, F = floor, C = ceiling. 


Path 

Num¬ 

ber 

Azimuth angle = 15° 
Angle of elevation = 15° 

Azimuth angle=45° 
Angle of elevation = 15° 

Azimuth angle = 75° 
Angle of elevation = 15° 

Path 

Length, 

ft. 

Surface 

Hit 

Path 

Length, 

ft. 

Surface 

Hit 

Path 

Length, 

ft. 

Surface 

Hit 

1 

90 

E 

55 

S 

39 

S 

2 

42 

C 

71 

E 

75 

S 

3 

61 

E 

11 

C 

75 

s 

4 

60 

F 

16 

S 

8 

c 

5 

13 

S 

100 

s 

65 

s 

6 

28 

E 

17 

F 

55 

E 

7 

102 

E 

8 

E 

17 

s 

8 

13 

c 

72 

S 

72 

S 

9 

88 

E 

29 

c 

52 

F 

10 

71 

F 

69 

s 

20 

S 

11 

29 

E 

4 

E 

37 

E 

12 

35 

S 

39 

F 

35 

S 

13 

66 

E 

48 

S 

70 

S 

14 

38 

C 

79 

E 

70 

s 

15 

67 

E 

5 

S 

71 

s 

16 

74 

F 

38 

c 

72 

s 

17 

10 

S 

44 

s 

73 

s 

18 

21 

E 

84 

s 

5 

F 

19 

106 

E 

10 

F 

70 

s 

20 

14 

C 

42 

E 

48 

E 

21 

88 

E 

29 

S 

29 

S 

22 

15 

S 

79 

s 

73 

c 

23 

77 

F 

9 

c 

4 

s 

24 

11 

E 

69 

s 

80 

s 

25 

100 

E 

74 

E 

37 

s 


Average path length 
- 52.8 ft. 

Average path length 
* 44.0 ft. 

Average path length 
- 50.0 ft. 
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Table II — ( Continued ) 


Azimuth angle = 15° 

Angle of elevation = 45° 
Average path length = 45.2 ft. 

Azimuth angle = 75° 

Angle of elevation = 45° 
Average path length = 37.6 ft. 

Azimuth angle = 45° 

Angle of elevation = 75° 
Average path length = 44.2 ft. 


Azimuth angle = 45° 

Angle of elevation= 45° 
Average path length = 38.8 ft. 

Azimuth angle = 15° 

Angle of elevation = 75° 
Average path length == 41.2 ft. 

Azimuth angle = 75° 

Angle of elevation = 75° 
Average path length = 41.8 ft. 


Average of the total 225 path lengths, or 11 mean free path ” = 44.0 ft. 
Theoretical value of “ mean free path ” = AV/S - 43.7 ft. 

Number of reflections from 

ceiling = 65 
side walls = 56 
end walls = 42 
floor = 62 


Total = 225 

other models (see b, c, and d in Table III) which were of the same general 
shape and dimensions, but which differed only in that two of the models 
had balconies and the third had both a balcony and a gabled ceiling, also 
indicate that the probability of reflections from the ceiling or floor is, 
in general, greater than the probability of reflections from all the sur¬ 
faces in the room, and the total number of reflections in the four models 
— namely, 900 — is large enough to warrant a fair degree of accuracy in 
determining the probability of reflections from different surfaces. Thus 
it is found that the probability of reflections from the ceiling and floor 
in these four rectangular models is 1.04 whereas the probability of reflec¬ 
tions from the walls in the same models is 0.94, which means that ab¬ 
sorptive material in the ceiling (in rooms of this shape) will be about 
10 per cent more effective in reducing reverberation — at least during 
the first part of the decay — than will the same amount of absorptive 
material on the walls. 

A s ummar y of results of mean free path measurements in a number of 
typically shaped models of auditoriums is given in Table III. Figs. 77 
and 78 are photographs of two of the models which were constructed 
for the purpose of obtaining these data. 1 ® Plan and sectional sketches 

» The author wishes to acknowledge the help given him in this investigation by 
Mr. C. H. Johnson. 
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Fra. 78. Model of octagonal auditorium *with domed ceiling. 
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of these auditoriums are shown in Fig. 79. A brief description of the 
type of auditorium is given in the first column of Table III (further 
described by the sketches in Fig. 79). The volume and inner surface 
are given in the next two columns. The average of the 225 path lengths, 
that is, the experimentally determined mean free path, is given in the 
fourth column; and the theoretical value of the mean free path, that is, 
4 V/S, is given in the fifth column. In the sixth column is given the 
experimental value of the reverberation factor k which should be used in 
the more general reverberation equation (30). The factor k is deter¬ 
mined by first expressing the mean free path as a constant times V/S } 
and then multiplying this constant by 0.01225. In the last column are 
some comments on the distribution of reflections from the various sur¬ 
faces in the room. 

It will be seen that the experimentally determined reverberation fac¬ 
tor k does not differ more than about 8 per cent from the “ theoretical ” 
value in Eqs. (23) and (26), that is, 0.049. For a commercial room 
about 48 feet by 31 feet by 12 feet the value of k is about 0.046, and for 
rooms having a larger floor area but about the same ceiling height it 
is probable that the value of k may be as low as 0.044 or 0.045, especially 
for the first few reflections. Further, since the probability of reflections 
from the ceiling of such a room is greater than the probability of reflec¬ 
tions from the walls, it is obvious that the reverberation formula (26) 
will not give the correct time of reverberation in rooms of this shape, or 
in rooms which differ widely from the conventional shapes listed in 
Table III. Thus, if the ceiling of a large office or commercial room 
(with a low ceiling) be treated with absorptive material, it is probable 
that the measured reverberation time in the room may be as much as 
20 per cent shorter than the time calculated by means of Eq. (26). 
About 8 or 10 per cent of the “ error ” would be attributable to the use 
of a high value of k (namely, 0.049 instead of 0.044 or 0.045), and the 
remainder might easily be attributed to the favorable location of the 
material. 

It seems obvious therefore that an exact formula for the rate of decay 
of the impressed vibrations in a room will require (1) a factor k, as the 
one in the numerator of Eq. (30), which will take account of the shape of 
the room, that is, the mean free path for the room; and (2) certain 
weighting factors for summing up the absorption contributed by differ¬ 
ent surfaces, which will take account of the probabilities of reflections 
from the different surfaces in the room. Sufficient data are not yet avail¬ 
able to apply these corrections to all types of room which arise in prac¬ 
tice, but the values of k given in Table III will indicate the nature and 
order of magnitude of the corrections for rooms of different shape; 
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and more data on the probability of reflections from different surfaces 
will suggest the corrections which should be made because of the loca- 


o 

C Source ) 
Plan 


Long Section 


(a )Rectangular Room, 70 x 96 x 48 ' 


__| I * Long Section | 

(6), (c) Same as (a) but with Balcony 



(d) Same as (6) and (c ) 
but Gabled Ceiling 



(9)Country Church, Gabled Ceiling 


Section 

A* 
*0 



0» ! Long Section^^j 

(h) Fan Shaped Theatre 
with Balcony 



Long Section 


(i) Cruciform Church 


(k)Barreled Celling, 99'x 48'on Plan 




\ 

• 0 
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1 

,j) Pantheon 7 


with Dome) 


Fio. 79. Plan and sectional sketches of typical auditoriums. 4< Mean free path” 
data for these auditoriums are given in Table III. 


tion of the source and the absorptive materials in rooms of different 
shape. It should be borne in mind, however, that these corrections are 
so small as to be of little practical significance in most of the convention- 
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Table III 


Type of Auditorium 

V 

cubic 

feet 

S 

square 

feet 

Mean 

Free 

Path, 

feet 

4F 

S 

k 

Comments on 
Distribution of 
Reflections 

(a) Rectangular, 70 ft. 
by 90 ft. by 48 ft., 
no balcony. j 

322,600 

29,400 

44 0 

43 7 i 

0 049 


(b) Same as (a) but 
with balcony, re¬ 
garding balcony 
opening as a reflect¬ 
ing surface .. 

223,000 

24,600 

36 2 

36 4 

049 

Probability of 
reflections from 
ceiling and 
floor about 10 

(c) Same as (b) but re¬ 
garding space un¬ 
der balcony as part 
of a single cavity 

284,000 

32,600 

35.6 

34 8 

.050 

per cent greater 
than from walls 

(d ) Same as (c) but 
with gabled ceiling 

338,000 

34,800 

39 8 

38 8 

050 


( e ) Cube, 70 ft. by 70 
ft. by 70 ft. 

343,000 

29,400 

48 4 

46 6 

051 


(J) Office room 48 ft. 
by 39 ft., 4 in. by 
11 ft., 8 in. 

17,600 

4,860 

13 6 

14 5 

.046 

Most reflections 
from ceiling and 
floor 

( g ) Country church 96 
ft. by 32 ft. on plan, 
50 ft. to top of 
gabled ceiling 

127,000 

16,600 

30.8 

30.6 

.049 


(h) Fan-shaped theatre, 
with balcony. 

470,000 

46,300 

40.6 

40 6 

.049 


(t) Cruciform church 
(no aisles or trusses) 

354,000 

36,400 

42.0 

38.9 

053 


( j ) Pantheon type, 

with domed ceiling 

690,000 

41,500 

69.6 

66.5 

.051 


(k) Barreled ceiling, 
99 ft. by 48 ft., on 
plan. 

172,000 

19,300 

34.7 

35 6 

.048 



ally shaped rooms encountered in practice (in which Eq. (26) will give 
a nearly correct value of the reverberation time), and are pertinent, 
from the practical standpoint, only in large rooms with very low ceilings, 
in long, narrow rooms, or in rooms which have pronounced peculiarities 
of shape. 

66. Reverberation in Coupled Spaces. The introduction of a bal¬ 
cony in a room divides the room into at least two coupled spaces — the 
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main body of the room and the space under the balcony. Most audito¬ 
riums of the theatre type are divided into at least three coupled spaces — 
the stage, the main portion of the auditorium, and the space under the 
balcony. Office space is often divided into a number of coupled spaces; 
and a great complexity of coupled spaces often will be found in cathedrals, 
consisting of nave, transepts, choir, sanctuary, aisles, chapels, balconies, 
and organ chamber. If the mean free path can be determined for such 
coupled spaces, and if all surfaces have approximately the same absorp¬ 
tion coefficients, Eq. (30) will give the time of reverberation for the 
entire room, where V and S are the total volume and the total interior 
surface of the room. But it is not always feasible to determine the mean 
free path for a complicated combination of coupled spaces, and it is very 
improbable that all surfaces will have even approximately the same 
coefficients of absorption. It sometimes becomes necessary therefore to 
consider the reverberation in each of the several coupled spaces, and to 
adjust the reverberation time in each space to the optimal condition. 

Consider the following typical case: A high-school auditorium seating 
1800 persons has the conventional rectangular shape, a high gabled 
ceiling, and a deep recess under the balcony. The entire ceiling is treated 
with a very absorptive material which provides a fairly satisfactory con¬ 
dition of reverberation in the front part of the auditorium and in the 
balcony. The walls under the balcony, the soffit of the balcony, and 
the entire main floor are poured concrete. The seats are of wood, not 
upholstered. As a result, the space under the balcony, especially when 
only a few persons are sitting in this section, is very reverberant. Dur¬ 
ing the growth or decay of sound in such an auditorium there is a transfer 
of energy between the two coupled spaces, with different rales of growth 
or decay in the two spaces. During the steady state the rate of transfer 
of sound from the dead space to the live one is equal to the rate of transfer 
in the opposite direction, that is, from the live space to the dead space. 
During the very early stages of the decay these rates of transfer are nearly 
equal, but since the sound decays much more rapidly in the main part 
of the auditorium than it does under the balcony, there soon will be 
established an excess rate of flow from the live to the dead space, and the 
result is that the reverberation is prolonged in the main part of the audi¬ 
torium as well as in the space under the balcony. In order to overcome 
this undesirable condition it is necessary that the rates of decay in both 
spaces be nearly equal (or that the rate of decay in the smaller space 
under the balcony be greater than the rate of decay in the main part of 
the auditorium). This involves a determination of the reverberation 
in both spaces, which in turn necessitates the assignment of coefficients of 
absorption to the opening which couples the two spaces. It is not pos- 
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sible, as yet, to assign precise coefficients to these openings. The co¬ 
efficients will depend, in general, upon the size and shape of the opening, 
the depth under the balcony, and the amounts of absorption under the 
balcony and in the main part of the auditorium. But if both spaces 
have approximately the same rates of growth, as they should for good 
acoustics, the “ effective coefficients ” will be of the order of 0.40 to 
0*80 — nearer the lower limit for shallow recesses which contain a rela¬ 
tively small amount of absorption. 14 Similar considerations apply to 
the stage opening which couples the stage and the main part of the 
auditorium. 

Many theatres, churches, memorial halls, and other auditoriums are 
often coupled, by means of door openings or archways, to rooms or cor¬ 
ridors which are excessively reverberant. In such auditoriums, even 
though the reverberation in the audience space has been adjusted to the 
proper value, there will be a “ feed back ” of reverberation from the 
adjacent reverberant rooms into the main auditorium. Thus, auditors 
in a theatre who are seated near an opening to a reverberant corridor, 
foyer, or anteroom will be disturbed by the excessive reverberation in 
the adjacent room. It is advisable in all such cases either to close the 
openings, or to use an adequate amount of absorption in all spaces which 
are coupled to the audience room. 

In most auditoriums made up of coupled spaces, as in the theatre 
with balcony and stage recesses, it is possible, provided the absorptive 
material be distributed fairly uniformly in all parts of the room, to regard 
the room as a single space and apply the reverberation formula (26) or 
(30). The volume V then includes the volume under the balcony and 
the volume of the enclosed set on the stage. 

67. Graphical Representation of the Growth and Decay of Sound in 
a Room. By means of Eqs. (24) and (25) in Sec. 53 it is possible to ob¬ 
tain a graphical representation of the growth and decay of sound in a 
room, and thus gain a clearer notion of the extent of overlapping of the 
successive sounds of speech and music in reverberant and non-reverberant 
rooms. 

Fig. 80 shows such a graphical representation of the growth to 60 db 
and decay to 0 db in which the energy or volume density of the sound is 
plotted as a function of the time of growth and decay, in a room having 
a volume of 100,000 cubic feet and a time of reverberation of 5.0 seconds. 
Since the sensation of sound is nearly proportional to the logarithm of 
the energy density p, it is advantageous to plot p on a logarithmic scale, 

14 See paper by Eyring, Society of Motion Picture Engineers (May, 1930). In 
this same paper Eyring discusses conditions which may give rise to two or more rates 
of decay in the same room. See also paper by Eyring, Jour. Acous. Soc., Oct., 1931. 
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as is done in Fig. 80. It will be seen that the sound builds up very rap¬ 
idly, attaining practically the steady state value in about 1 second. 
The source is supposedly turned off after it has been sounding for 3 sec¬ 
onds, and it will be seen that the rate of decay (with the logarithmic plot 
of p) is uniform throughout the entire period of audible decay, namely, 



1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 
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Fia. 80. Graphical representation of the growth and decay of sound in a rever¬ 
berant room. 

5.0 seconds. These curves represent approximately the manner in 
which the ear senses the growth and the decay of the loudness of sound 
in a reverberant room. The sound, as heard in a reverberant room, 
seems to build up very quickly, and to die away very slowly. There 
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Fio. 81. Graphical representation of the growth and decay of the sounds of articu¬ 
lated speech in a reverberant room. 

are, of course, irregularities in the growth and decay, owing to resonance 
and interference phenomena, but the curves shown in Fig. 80 represent 
the average processes of growth and decay. 
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It will be of interest now to consider a graphical representation of 
the growth and decay of speech in this same room which has a volume 
of 100,000 cubic feet and a time of reverberation of 5.0 seconds. Suppose 
each syllable consists of a steady and constant emission of sound for 0.2 
second followed by an interval of 0.05 second of no emission of sound, 
and that the average sound level ultimately builds up to about 60 db. 
Fig. 81 shows a graphical representation of the manner in which these 
separate syllables would impress themselves upon the ear; that is, the 
ordinates represent the sound levels, in decibels, of the successive syl¬ 
lables. The first syllable builds up to about 56 db in 0.2 second; and 
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Fia. 82. Graphical representation of the growth and decay of the sounds of articu¬ 
lated speech in a room having a time of reverberation of 1 second. 

then during the interval of 0.05 second it dies away at a rate of 12 db per 
second, or only 0.6 db. When the second syllable is half uttered, that is, 
at the instant that it is being impressed upon the ears of the auditors, 
the first syllable is at a sound level of about 53 db (as shown by the dotted 
line db), or only about 3 db below the level of the syllable to which the 
auditors are listening. As is shown in the figure, there is very little 
variation in the sound level throughout the entire sequence of syllables 
and intervals, and consequently there is very poor definition or resolu¬ 
tion of the separate syllables in speech. Obviously, it would be difficult 
— or almost impossible — to hear the separate syllables of articulated 
speech under such a condition of reverberation. 

Fig. 82 shows the manner in which these same syllables would build 
up and die away in a room having a volume of 100,000 cubic feet but a 
time of reverberation of only 1.0 second. Under this condition, when 
auditors listen to the second syllable, for example, the first syllable has 
fallen to a level nearly 10 db below that of the second syllable. The 
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first syllable may be regarded as a masking noise which has a “ noise 
level ” of about 10 db below the speech level of the syllable to which 
one is listening. This amount of masking is readily tolerable, but when 
the level of the syllable to which one is listening is not more than about 
8 or 10 db above that of the preceding syllable, the masking effect of 
the preceding syllable constitutes a confusing disturbance which inter¬ 
feres with the hearing of speech. As is shown in Fig. 82, there is an 
appreciable variation in the sound level throughout the entire sequence 
of syllables and intervals, and consequently under such conditions there 
is very good definition or resolution of the separate syllables of speech. 
Obviously, it is not difficult to hear the separate syllables of articulated 
speech under such a condition of reverberation. 

The graphs shown in Figs. 80 to 82 are based upon reverberation 
formulas which ignore the effects of interference and room resonance, 
and therefore they are only approximations. A more precise record of 





Fig. 83. Oscillogram of the growth and decay of a 512-cycle tone in a reverberant 

room. (Schar stein.) 

the growth and decay of sound in a room can be determined by obtaining 
oscillograms of speech or controlled sound in the room. The oscillo¬ 
grams shown in Figs. 83, 84, and 85, obtained by Schindelin and Schar- 
stein, 15 exhibit very clearly the nature of the growth and decay of sound 
in a reverberant and in a non-reverberant room. In the interpreta¬ 
tion of these oscillograms, and in comparing them with the growth and 
decay curves in Figs. 80 to 82, it should be borne in mind that the oscillo¬ 
grams exhibit pressure changes in the sound field, whereas the plotted 
curves in Figs. 80 to 82 exhibit changes in the sound level. In all the 
oscillograms the curve marked t is a time curve, each cycle representing 
second. Curve b is a record of the audio-frequency alternating cur¬ 
rent which actuated the loud speaker — the source of sound in the 
room. As curve b indicates, the loud speaker is made to sound intermit¬ 
tently, so that it is emitting sound for, say, 0.1 second and then is silent 
for 0.4 second; and in some cases the loud speaker is sounding for 0.4 
second and then silent for 0.1 second. The record marked a is an oscil- 

u Schindelin and Schargtein, Ann. d. Phys., 2, Nr. 2, 129-200 (1929). 
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Fig. 84. Oscillograms of the growth and decay of a 410-cycle tone in a reverberant 
room. The 410-cycle tone corresponds to one of the natural or free vibrations of 
the room. (Scharstein.) 
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Fig. 85. Oscillograms of the growth and decay of sound in a radio broadcast room 
having a short period of reverberation. The two upper oscillograms are for a tone 
of 450 cycles, and the lower oscillogram is for a tone of 9S0 cycles. ( Schindelin .) 
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lographic record of the sound vibrations produced in the room. These 
vibrations are picked up by a condenser microphone, amplified by a 
vacuum-tube amplifier, and photographically recorded by the oscillo¬ 
graph. It will be noted from Figs. 83 and 84 that in a reverberant room 
there is very little resemblance between the sound generated at the 
source and the resulting sound vibration in the room. Although the 
source consists of discrete durations of sound followed by discrete inter¬ 
vals of quiet, the sound picked up by the microphone is an irregular but 
a continuous sound vibration. In the lower oscillogram in Fig. 84, 
where the intervals of quiet are shorter than the intervals of emission, 
as shown by record b , there is an almost imperceptible variation in the 
intensity of the sound picked up by the microphone, as is shown by 
record a. When one examines these oscillographic records, and notes 
the marked dissimilarity between the discrete pulses of sound produced 
by the source and the continuous flow of sound at the microphone, one 
wonders how it is at all possible to recognize any of the sounds of speech 
in a reverberant room — and one is reminded of chanted prayers heard 
in reverberant cathedrals where indeed it is utterly impossible to recog¬ 
nize the prayers unless they have been memorized. It is obvious that 
such excessively long periods of reverberation cannot be tolerated in 
rooms which are to be used for speaking purposes. 

The improvement in the acoustics of a room, at least for the hearing 
of speech, attained by lining the interior walls of the room with absorp¬ 
tive material is shown by the records in Fig. 85. These records were 
obtained in a small radio broadcasting studio which had a time of rever¬ 
beration of less than 1 second. It will be noted from these records that 
the variations of the sound picked up by the microphone resemble closely 
the variations in the current which actuated the loud speaker; that is, 
the sound picked up by the microphone is a fairly faithful reproduction 
of the sound emitted by the loud speaker. The addition of absorptive 
material to a room, that is, the reduction of the reverberation time in a 
room, is thus seen to contribute most beneficially to the definition or 
resolution of articulated sounds, such as speech or music. 

58. Reverberation at Different Frequencies. The initial work of 
W. C. Sabine on reverberation was limited to a single frequency of 512 
cycles, although later his experiments included measurements between 
64 and 4096 cycles. Custom has attached so much importance to the 
frequency of 512 that when the term time of reverberation is used, without 
the specification of frequency, it is generally understood that the time of 
reverberation refers to a pure tone of 512 cycles. In fact, so many meas¬ 
urements in architectural acoustics are referred to this tone that it has 
become a venerable standard, especially in the calculation of the rever- 
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beration time in a room. Although the calculation of reverberation at 
a single frequency, as 512 cycles, will suffice to represent the reverbera¬ 
tion in a room at other frequencies provided the absorptive material in 
the room has nearly the same absorptivity at all frequencies, it is obvi¬ 
ous that such is not the case if the absorptive material have widely dif¬ 
ferent absorptivities at different frequencies. Thus, an acoustical plas¬ 
ter, i inch thick, may have coefficients of absorption of 0.06 at 128 cycles, 
0.36 at 512 cycles, and 0.72 at 2048 cycles. If this plaster should be 
applied to the entire inner surface of a room (a thin carpet on the floor 
would have nearly the same absorption characteristic as the acoustical 
plaster), the reverberation time at 128 cycles would be at least six times 
as long as the reverberation time at 512 cycles, and the time at 2048 
cycles would be less than one half of the 512-cycle time. If the rever¬ 
beration time in such a room be 1.25 seconds at 512 cycles, it will be at 
least 7.5 seconds at 128 and less than 0.62 second at 2048 cycles. To 
describe this room as one having a time of reverberation of 1.25 seconds 
— which is regarded as close to the optimal time for good acoustics — 
certainly does not describe the reverberatory properties of the room; 
and it will be found that such a room is not satisfactory in regard to 
acoustics — there will be complaints of excessive reverberation, and 
indeed the room will be excessively reverberant for the bass notes of 
music, and even the low-frequency components of speech will be rever¬ 
berant and over-emphasized. On the other hand, the higher tones and 
harmonics in music will be suppressed owing to over-absorption at the 
high frequencies. 

It is necessary therefore to specify and calculate the reverberation 
time, at least in speech and music rooms, for representative frequencies 
throughout the entire frequency range used in speech and music. It 
will be found, however, that if calculations be made at 128, 512, and 2048 
cycles, that is, at low-, medium-, and high-pitched tones, the resulting 
reverberation times will give a satisfactory description of the reverber¬ 
atory properties of the room for all practical purposes. In the design 
of all speech and music rooms consideration should be given to the 
reverberation times at these three frequencies; in important theatres, 
opera houses, and concert halls the reverberation times throughout the 
entire audible range should be considered, and optimal reverberation 
times should be planned for at least 128, 512, and 2048 cycles. The 
optimal times of reverberation at different frequencies will be considered 
in Chaps. XVII and XVIII. For the present it will suffice to remark 
that, in general, the reverberation time at 128 cycles should be about 
twice as long as the time at 512, and that the reverberation time above 
512 should remain nearly constant. In office rooms and in all other 
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rooms where absorptive treatment is used as an expedient for reducing 
noise, it will suffice to use an average coefficient of absorption — the 
arithmetical mean of the coefficients at 128, 512, and 2048 cycles — and 
make a single calculation of the reverberation time based upon this aver¬ 
age coefficient. 

A large measure of success or failure in the acoustical design of impor¬ 
tant speech and music rooms will depend upon the selection of interior 
materials which will give the proper reverberatory characteristics 
throughout the entire range of frequencies used in speech and music, 
and therefore the architect or engineer, in whose hands is placed the 
responsibility of acoustics, should base his selection of interior materials 
upon calculations of reverberation at several representative frequencies, 
as 128, 512, and 2048 cycles, rather than at the single frequency of 512 
cycles. 



CHAPTER VI 


THE ABSORPTION OF SOUND - GENERAL AND 
THEORETICAL CONSIDERATIONS 

69. Introductory. Because of the importance of reverberation, and 
its fundamental dependence upon absorption, the absorbent nature of 
the interior surfaces and the furnishings in a room is the most potent of 
all factors which affect the acoustical quality of that room. Many of 
the building materials used in modern structures, such as concrete, hard 
plaster, and stone, absorb only 1 or 2 per cent of the incident sound 
which strikes their surfaces. The remaining 98 or 99 per cent is reflected 
back into the room. As a consequence, buildings in which the interiors 
are finished with such materials are very poor acoustically because the 
separate sounds of speech and music are absorbed so slowly — 100 or 
more successive reflections may be necessary to reduce the intensity of 
the sound to inaudibility. The absorption of sound is not only the 
most important factor in determining the acoustical quality of a room 
but it is also one of the most potent means of reducing noise in offices 
and all public buildings. It is necessary therefore that the elementary 
facts concerning the nature of sound-absorption be given some consid¬ 
eration. 

60. Nature of Sound-Absorption. It was shown in Chap. II that 
when a sound wave strikes an obstacle in a room, such as a wall, it is 
either reflected, transmitted, or absorbed. So far as concerns an ob¬ 
server in the room, all the sound energy in the wave which is not re¬ 
flected is absorbed; in other words, as was explained in Chap. II, the 
absorbed portion includes also the portion which is transmitted. How¬ 
ever, in rigid, heavy walls, the transmitted portion is infinitesimally 
small — amounting in most cases to not more than 0.01 per cent of the 
incident sound energy. Under these circumstances, it can be said that 
that sound which is not reflected is absorbed. The absorbed portion of 
the sound is by some mechanism converted into other forms of energy, 
and ultimately into heat. It is the purpose of the present chapter to 
discuss this mechanism by means of which the sound waves are con¬ 
verted into heat. If a material is impervious to air, the sound waves 
experience great difficul ty in penet rating the material. The sound waves 
exert an alternating pressure against the wall and force it into vibration 
of a corresponding frequency. The resulting flexural vibration of the 
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wall uses up a certain amount of the incident sound energy, which is 
either converted into heat or radiated as sound from the opposite side 
of the wall. The amount of energy converted into flexural vibrations of 
the wall is exceedingly small for rigid walls, but it may become very con¬ 
siderable if the wall is made of a thin, flexible material, like a stretched 
rubber or oilcloth membrane, or even thin panels of wood or glass. 

Many wall materials, and especially such materials as acoustical felt 
or acoustical plaster, have many small interstices or pores penetrating 
deeply into their interiors. The sound waves can readily propagate 
themselves into these pores, where a portion of the sound energy is con¬ 
verted into heat by frictional or viscous resistance within the capillary 
pores. If the material be sufficiently porous and of appropriate thick¬ 
ness, as much as 90 or even 95 per cent of the incident sound wave may 
be absorbed in this manner. This mechanism of sound-absorption is 
utilized in the manufacture of nearly all acoustical materials, and conse¬ 
quently it will be of interest to consider certain theoretical aspects of the 
subject. 

61. Theory of Sound-Absorption by Porous Materials. A math¬ 
ematical approach to the subject of sound-absorption by porous ma¬ 
terials has been made by Lord Rayleigh and extended further by I. B. 
Crandall. 1 The theory is based upon the assumption that absorption 
is a result of viscous forces incident to the flow of air through the small 
capillary pores of the material. The sound waves which impinge upon 
the surface of the porous material produce an alternating pressure which 
forces the air within the pores into a vibratory motion. Small tubes 
offer a high resistance to the flow of air through them, principally be¬ 
cause the interior surface of the small pores is relatively large compared 
with the conducting area of the pores. 

The flow of gases through capillary tubes is a branch of physics which 
has been quite thoroughly investigated, and it is well known that the 
resistance to flow in a single tube is given by R = Sy/r 2 (known as 
Poiseuille’s Coefficient), where y is the coefficient of viscosity of the gas 
and r is the radius of the tube. By introducing this relation into the 
equation for the propagation of a plane wave through small tubes, 
Crandall has obtained an equation for the reflection coefficient 0 of a 
porous material in terms of the radius of the pores 2 and the frequency 

‘Crandall, “Theory of Vibrating Systems and Sound,” 185-191 (Van Nostrand, 
1926). 

* It is assumed that all pores are cylindrical and of the same radius, an ideal con¬ 
dition which is only roughly approximated in certain selected materials, as felts and 
fibre boards, and certainly not even approximated in most acoustical plasters and 
tiles. However, the theory is important in indicating such properties as the effect 
of the size of the pores on the absorption at different frequencies. 
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of the incident sound waves; namely, 


2M 2 - 2M + 1 
2M 2 + 2M + I’ 


(31) 


And, since the sound energy which is not reflected is absorbed, the absorp¬ 
tion coefficient is given by 1 — 0. M is defined by the equation 



in which p is the density of the air and w is 2i r times the frequency of the 
incident sound. It will be noted that M , which according to this theory 
determines the absorptive properties of porous materials with rigid walls, 
is dependent upon the viscosity and density of the air, the radius of the 
pores, and the frequency of the incident sound waves. For air, p/p is 
approximately 0.13, so that if the size of the pores of an absorptive ma¬ 
terial, for example hair felt, be known, it is possible to calculate the 
coefficients of sound-absorption for sound waves of different frequencies. 
Crandall has made some calculations for hair felt, on the assumption 
that the felt is a closely packed honeycomb structure of circular pores, 
having an average diameter of 0.02 centimeter. The results are given 
in the following table: 


Table IV 


Frequency of 
Sound Wave 

2 . /.13 

m = oT 2 VT 

Reflection 

Coefficient 

P 

Absorption 
Coefficient 
a = 1 — ft 

200 cycles 

2 00 

0 38 

0.62 

400 

1.41 

.28 

.72 

800 

1 00 

20 

.80 

1600 

0.707 

.17 

.83 

3200 

0 500 

.20 

.80 

6400 

0 354 

28 

.72 


The values of the coefficients of absorption given in the last column 
are in fair agreement with the measured coefficients for a very thick 
(6-inch) blanket of felt. It is assumed in the theory that all the sound 
that penetrates into the material is absorbed. In order that this hold 
true, it is necessary that the pores be several inches deep for the low- 
frequency components of sound. The theory is not satisfactory for thin 
absorptive materials because the low-frequency components of sound 
are much more slowly damped as they are propagated through the pores 
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of the material, so that they are reflected from the hard wall behind the 
absorptive material and, after propagation through the pores again, 
unite with the sound which was reflected from the front surface of the 
absorptive material. 

In spite of these limitations in this elementary theory of absorption 
by porous materials, it is very useful in suggesting the various factors 
which affect the absorption of sound. For example, it will be noted in 
the table, and it can be shown from Eq. (31), that the maximal absorp¬ 
tion of a porous material occurs when M is equal to 1/V2, or 0.707, and 
that the absorption coefficient is then 0.83, which for the hair felt here 
described occurs at a frequency of 1600 cycles. Further, if the size 
of the pores is increased, the maximal absorption will occur for a corre¬ 
spondingly lower frequency. Thus, if the size of the pores had been 0.04 
centimeter instead of 0.02 centimeter, the maximal absorption of 0.83 
would have been for a frequency of 400 cycles, instead of the 1600 cycles 
indicated in the table. The size of the pores is thus seen to afford a 
means of controlling, within certain limits, the absorptive characteristic 
of a material. If it is desired to obtain an absorptive material with 
maximal absorption in the low frequencies, the pores in the material 
should be relatively large; and if maximal absorption is desired in the 
high frequencies, the pores should be relatively small. It should be 
borne in mind, however, that the theory on which these conclusions are 
based applies only to porous materials in which the pores are so small 
that the inertial resistance of the air within the pores is small in compari¬ 
son with the viscous resistance of the air within the tiny pores. When 
the pores become large, say with radii as large as 0.10 centimeter, the 
inertia of the air within the pores becomes very appreciable and the 
theory here outlined is no longer applicable. Measurements on the 
absorptive properties of acoustical plasters having pores with radii of 
about 0.10 centimeter confirm this statement. The absorption is much 
less than would be predicted on the basis of the foregoing theory. 

62. Absorption of Sound by Flexible Materials. Although the ab¬ 
sorption of sound in most acoustical materials is attributable to the dissi¬ 
pation of sound in the pores and interstices of the material, a consider¬ 
able amount of sound energy, especially sounds of low frequency, is 
absorbed by the flexural vibrations of the material. For example, fibre 
board materials, as standard “ Celotex,” “ Insulite,” or “ Masonite,” 
are very much more absorptive at frequencies of 128 and 256 cycles 
when they are nailed to wood strips than they are when they are cemented 
or fastened against a rigid surface. (See Table XV, Chap. VIII, on the 
absorption coefficients of fibre boards.) Also such materials as hard or 
acoustical plaster are more absorptive when they are applied to wood 
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lath or metal lath over wood studs or channel iron than they are when 
they are applied directly to concrete or solid masonry walls. That these 
materials are set into flexural vibrations by the excitation of the sound 
waves in the room can be readily demonstrated by placing one’s finger 
tips against the surfaces when a loud low-pitched sound is produced in a 
room in which these materials constitute a part of the boundary. 3 

In general, the amount of sound energy absorbed by flexible materials 
will be proportional to the square of the product of the amplitude times 
the frequency of vibration of the panel and directly proportional to the 
internal damping coefficient of the material. Materials which are set 
into vibration not only absorb sound but also re-emit sound, and if the 
internal damping coefficient be very small, it is possible that the amount 
of re-emitted sound may transcend the amount of sound absorbed by 
the vibration. This is likely to be the case especially at frequencies for 
which the vibrating material is resonant. Measurements of the co¬ 
efficients of sound-absorption of flexible materials, such as wood veneer 
flats which are used for the erection of “ sets ” in the making of talking 
pictures, show rather pronounced peaks and hollows in the curves which 
give the coefficient of sound-absorption as a function of frequency. 
Some data on materials of this type will be given in Table XV, Chap. 
VIII. The peaks may be attributable to resonant vibrations at fre¬ 
quencies for which there is a relatively large coefficient of internal damp¬ 
ing, whereas the hollows in the curves may be attributable to resonant 
vibrations at frequencies for which the internal damping coefficient is 
relatively small, and therefore the amount of re-emitted sound becomes 
predominant. The absorption of sound by flexible materials is exhibited 
not only by such materials as have been mentioned but also by such ma¬ 
terials as wood paneling, wood flooring, window panes, hair felt, and 
acoustical tile. 

63. Effect of Adding Holes in Absorptive Materials. The addition 
of holes in absorptive materials, such as the drilled or punched holes in 
“ Acousti-Celotex ” and the stippling of acoustical plaster with a wire 
brush, has the effect of greatly increasing the absorptivity of the material. 
The addition of such holes not only greatly increases the superficial area 
of the porous material exposed to the sound waves, and thus exposes the 
interior interstices of the material to the pressure variations in a sound 

3 The actual amplitudes of vibration of a number of flexible and rigid walls have 
been measured recently by E. Meyer (Sitzungsber. d. Preus. Akad. d. Wise., Phys- 
Math. Klasse, 1931, IX). Thus, the amplitude of vibration of a 3§-inch brick and 
plaster wall, actuated by sound waves having a r.m.s. pressure of 10 bars, was 10 * 
centimeter for frequencies around 100 cycles, and was only 10~ 8 centimeter for 
frequencies around 4000 cycles. 
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wave, but it also provides an irregular boundary at the surface of the 
material. These surface irregularities are not so much a matter of 
topographical variation, since the dimensions of the holes are usually 
small in comparison with the wave lengths of sound, but the holes intro¬ 
duce irregularities of density and elasticity which contribute effectively 
to the loss of reflected sound at the boundary. More exact quantitative 
theory is necessary to account for the increased absorption produced by 
the addition of holes in porous materials, but such qualitative effects as 
have been discussed in this section will readily account for the observed 
facts in connection with such materials as “ Acousti-Celotex ” and stip¬ 
pled acoustical plaster. The quantitative effects of the addition of these 
holes will be indicated by the tables of coefficients of sound-absorption 
which will be given in Chap. VIII. 



CHAPTER VII 


THE ABSORPTION OF SOUND — METHODS OF MEASURING 
REVERBERATION AND ABSORPTION 

64. Measurement of Sound-Absorption — General Considerations. 

Although the theory considered in the preceding chapter is of value in 
understanding the nature of sound-absorption by certain materials, and 
especially porous materials, it is not sufficiently exact or quantitative to 
make possible a determination of the coefficients of sound-absorption of 
building materials from a consideration of the structural and porous 
properties of the materials. It is also inadequate as a means for deter¬ 
mining the total amount of sound-absorption in a room. These quan¬ 
tities can be determined more readily, and with greater accuracy, by 
experimental methods. Some of the practical and commonly used 
methods of measuring sound-absorption will be described in this chapter. 

It was shown in Chap. V that if a sustained sound, such as the tone 
from an organ pipe, be produced in a room, it builds up in intensity until 
the rate at which the sound energy is absorbed by the boundaries and 
contents of the room is equal to the rate at which the sound energy is 
generated by the source of sound. The sound energy in the room has 
then reached a steady state, or a condition of equilibrium. If the source 
of the sound is then stopped, the sound energy will gradually die away 
to inaudibility; that is, the total amount of sound energy in the room 
ultimately will be absorbed by the boundaries and contents of the room. 
This process of the growth and decay of sound, which was considered 
in detail in Chap. V, leads to several useful methods for measuring the 
total amount of sound-absorption in a room, and also the coefficients of 
sound-absorption of acoustical materials. 

Eq. (15), Chap. V, namely, 

v f t +jP=E, (15) 

which is a fundamental equation for the flow of sound in a reverberant 
room, yields two equations which are serviceable for determining the 
sound-absorption in a room. The first and simpler of these equations, 
which applies to the steady state when the rates of emission and absorp¬ 
tion are equal, is 
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which follows immediately from Eq. (20). (The symbols all have the 
same meanings which were assigned in Chap. V — see p. 123.) The 
second of these equations, which applies to the decay of sound in a 
reverberant room after the source has been stopped, is 

_ 'SI t 

p = Poe 4V , • (22) 

which is Eq. (22), Chap. V. However, it must be remembered that Eq. 
(22) applies only to reverberant rooms, and that the more general 
equation for the decay of sound in any rectangular room of conventional 
shape is (neglecting the absorption in the air) 

cS log^ (1 — a) 

P = Poe " (25) 

which is Eq. (25). Eq. (25), which gives the rate of decay of sound 
in a room, suggests two methods for determining a: (1) measurement of 
oscillograms of the decadent sound in a room, or (2) measurement of the 
time required for a sound to be reduced to a known fraction of its initial 
steady state value. This latter method, known as the reverberation 
method, is the one chosen and developed by W. C. Sabine, and it has 
been used almost exclusively by all subsequent investigators. It is cus¬ 
tomary to use the ear as the detector in these measurements. 1 The ob¬ 
server stops a tone of predetermined intensity (usually about one million 
times the minimal audible intensity) and measures the duration of 
audibility. 

It is necessary that the sound in the room be thoroughly diffuse during 
the decay so that all the sound energy in the room will have the same 
probability of being propagated in every direction. A large rotating 
vane or paddle in the room is beneficial for providing the required degree 
of “ mixing.” 

W. C. Sabine and many subsequent investigators, including Paul E. 
Sabine at the Riverbank Laboratories, have used organ pipes for the 
source of test tones in their reverberation measurements. When W. C. 
Sabine began his investigation of architectural acoustics more than 
thirty years ago a set of organ pipes was probably the most satisfactory 
apparatus for producing nearly pure tones of the pitch and loudness 
range required for the investigation of acoustical problems. However, 
the development of the thermionic tube and thermionic-tube circuits 
during the past fifteen years has made available more convenient and 
precise apparatus for acoustical measurements. For example, the 

1 During the past two years there has been a growing tendency, in the making of 
reverberation measurements, to replace the ear with a microphone and amplifier. 
See Sec. 69. 
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vacuum-tube oscillator, with appropriate filters and a high-quality loud 
speaker, as described in Chap. II, will produce approximately pure tones 
of any required pitch and loudness, and the pitch and loudness can be 
readily controlled and measured. The use of such thermionic-tube cir¬ 
cuits for making fundamental measurements in architectural acoustics 
has become more and more popular during recent years, and because of 
the many advantages of such circuits a typical set-up for reverberation 
measurements will be described. 

66. Measurement of Reverberation by Means of Thermionic-Tube 
Circuits, Using the Ear as the Detector. In Fig. 86 is shown a dia¬ 
grammatic set-up of apparatus which has proved highly satisfactory for 
reverberation and absorption measurements in rooms having a time of 



Fig. 86. Diagrammatic arrangement of apparatus for making reverberation meas¬ 
urements by ear. 

reverberation longer than about 2.0 seconds. The audio-frequency 
vacuum-tube oscillator is a typical Hartley circuit, similar to the one 
described in Chap. II. The alternating current generated by the oscil¬ 
lator passes through a suitable low-pass filter, where all undesirable 
harmonics are eliminated, thus providing a pure sinusoidal current. 
The current output from the filter is measured by a thermocouple and 
galvanometer, 2 and it then passes through an electrical attenuator and 
finally actuates a high-quality electrodynamic loud speaker, which is 
located in the room in which the reverberation or absorption measure¬ 
ments are to be made. Since the loud speaker is of the electrodynamic 
type, the acoustical energy developed by it will be very nearly propor- 

* During the past two years the thermocouple and galvanometer have been re¬ 
placed by an electrostatic voltmeter (designed by L. P. Delsasso) which is connected 
across the input to the attenuator. The voltmeter is a convenience, especially in 
field work, since it does not have to be mounted so carefully as does a galvanometer. 
Further, the voltmeter is a rugged instrument, and can be read easily and quickly. 
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tional to the electrical energy which actuates the loud speaker, provided 
the speaker is not overloaded and is free from all parasitic currents, such 
as might arise from imperfect shielding or balancing. The electrical 
attenuator, which is calibrated at all test frequencies, will then provide 
a means of changing the intensity of the generated tone by any required 
amount, and the change of the acoustical intensity in the room, in 
decibels, will be the same as the change in decibels on the attenuation 
box. Thus if the attenuator, which is usually calibrated in decibels, 
is changed 60 db, the sound level of the tone will be changed by that 
same amount. 

It is customary in making reverberation measurements with the ear 
first to adjust the attenuator so that for the average position of a listener 
in the room the tone is reduced to the minimal threshold of audibility, 
and then increase the level of the tone 60 db. The tone then has a stand¬ 
ard intensity or loudness level; that is, it has an intensity equal to one 
million times the intensity of a tone of the same pitch which is just barely 
audible in the room. The time required for such a tone to die away to 
inaudibility in the room is a measure of the reverberation time for that 
particular tone. 

The tone generated by the loud speaker can be stopped or started 
at will by means of the double contact key shown in the figure. This 
key also operates a stop clock which has an electromagnetic control. 
When the observer closes the double contact key, the tone in the room 
is stopped and at the same time the recording stop clock is started. 
The clock runs as long as the key is depressed. When the key is opened, 
which is done at the moment the tone has decayed to the threshold of 
audibility, the clock stops, and the tone in the room is started again. 
This operation can be performed as many times as desired, and the clock 
will register the separate times of reverberation, or the total time for 
several consecutive measurements. 

By means of this apparatus, reverberation measurements are made in 
a room in the following manner: Measurements are first conducted to 
determine the amount of attenuation required in the attenuation box 
to .produce a barely audible tone at the average position in the room. 
Because of the sound-interference pattern in the room, it is often neces¬ 
sary to make as many as 25 separate determinations of minimal audibil¬ 
ity, distributed in all parts of the room. After the adjustment for 
minimal audibility has been made, the electrical energy input to the 
loud speaker is increased one million fold, that is, 60 db is taken out 
of the attenuation box. The tone in the room is then of standard 
intensity. It is advisable to have the loud speaker in several represen¬ 
tative positions in the room during the measurements of both minimal 
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audibility and the time of reverberation, or to rotate it by means of a 
silent motor, or have it oscillate as a simple or conical pendulum. If 
the loud speaker is kept in one position in the room, the amount of en¬ 
ergy it will radiate will depend upon the interference pattern surrounding 
the loud speaker; whereas if it is moved about, the effect of the inter¬ 
ference pattern is averaged, and consequently more accurate results will 
be obtained. 

For most practical purposes it is sufficient to obtain 25 different meas¬ 
urements of the time of reverberation for each test tone. When precise 
work is required, it is advisable to take as many as 50 different measure¬ 
ments for each tone. These can be taken in rapid succession by means 
of the double contact key. The observer holds the key in his hand, and 
when the tone has built up to its steady state, he depresses the key which 
stops the tone and starts the clock. He holds the key down until the 
tone dies away to the threshold of minimal audibility, at which instant 
he releases the key, which stops the clock and starts the tone again. 
The tone is then allowed to build up for several seconds — it should be 
allowed to build up for a time equal to at least one half of the time of 
reverberation — then the operation for each measurement is repeated 
as many times as required. During a series of measurements, the ob¬ 
server moves to all representative positions in the room, so that the 
average time of reverberation is based upon measurements taken in all 
parts of the room. 

The apparatus and method just described have the following ad¬ 
vantages: 

1. The intensity of the test tone can be adjusted to a standard level 
of 60 db, or more or less if desired, in any room just prior to the taking 
of the reverberation measurements. This is accomplished by sim¬ 
ple adjustments of the attenuator, provided the electrical potential 
at the input of the attenuator be kept constant. 

2. Since the threshold of minimal audibility is determined at the 
time and under the existing conditions of the test, the establishment of 
test tones of definite loudness is less dependent upon residual noises 
in the room than would be the case with the use of, for example, organ 
pipes, which are usually calibrated with considerable labor and under 
perfectly quiet conditions. 

3. The use of suitable filters and a high-quality loud speaker pro¬ 
vides test tones which are practically free from undesirable harmonics; 
that is, the tones are pure. On the other hand, test tones generated 
by organ pipes are accompanied by a whole series of prominent 
harmonics; that is, the tones are impure. The presence of harmonics 
in the test tones is most objectionable and leads to erroneous results, 
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especially for low-frequency measurements. Thus, suppose a test 
tone of 128 cycles has a harmonic component of 512 cycles. If the 
amplitude of this harmonic be as great as one tenth the amplitude of 
the fundamental, it will be heard louder than the fundamental — 
owing to the increased sensitivity of the ear at 512 cycles as compared 
with the sensitivity at 128 cycles. Hence, the fundamental tone of 
128 may die away to inaudibility before the 512 harmonic does; and 
consequently measurements of reverberation with such an impure 
test tone would apply more nearly to the harmonic of 512 than they 
would to the fundamental of 128 cycles. It is obvious therefore that 
pure tones are required for precise measurements of reverberation, 
and these can be approximately obtained with oscillators and loud 
speakers provided the alternating current has been suitably filtered. 

4. The thermionic-tube apparatus is convenient to operate, is 
portable, and can be set up in about 20 or 30 minutes. It also is 
fairly dependable in the hands of persons who possess only a general 
knowledge of vacuum-tube circuits. 

In testing the reverberatory properties of a room it is usually sufficient 
to make reverberation measurements at frequencies of 128, 512, and 2048 
cycles. 

66. Measurement of Sound-Absorption in a Room by the Reverbera¬ 
tion Method, Using the Ear as the Detector. The apparatus described 
in the preceding section is also useful for the measurement of sound- 
absorption in a room. The amount of absorption in a room, for a cer¬ 
tain frequency, is related to the time of reverberation in the room in a 
manner indicated by Eq. (30), namely 

kV 

tm = -s log, (1 - a) ‘ (30) 

The volume of the room V, and the total interior surface S, are deter¬ 
mined by simple measurements; and the time of reverberation t m is 
determined by a method similar to the one described in the preceding 
section. The value of k for most rooms is 0.049. The value of a, the 
average coefficient for the entire boundary of the room as tested, can 
then be obtained from (30). The total absorption in the room is then 
given by aS. 

For example, the reverberation chamber in the Acoustical Laboratory 
at the University of California at Los Angeles has a volume of 6080 cubic 
feet, an interior surface of 2008 square feet, and a time of reverberation 
of 12.65 seconds at 512 cycles. Substituting these values in (30), 
a = 0.0119, and the total absorption in the empty room is therefore 
0.0119 X 2008, or 23.9 sabines. Now suppose that 100 square feet of 
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an absorptive material, the coefficient of sound-absorption of which is 
to be determined, be brought into the room. 3 The intensity of the test 
tone is again adjusted to a sound level of 60 db, and the reverberation 
time is again measured. Let us suppose that the measured time of 
reverberation at 512 cycles is 4.5 seconds. Then the total amount of 
absorption in the room can be determined by solving (30) for a, and 
multiplying this value of a by S . The result is 64.0 sabines. The 
total absorption added to the room by the addition of the 100 square feet 
of test material is then equal to 64.0 — 23.9, or 40.1 sabines. The 
amount of absorption contributed by each square foot of the acoustical 
material would then be 0.401 sabine. Since the acoustical material 
covered 100 square feet of floor area, which in this particular room had a 
coefficient of 0.012, the amount of absorption supplied by 1 square foot 
of the acoustical material would be 0.413 sabine. The coefficient of 
sound-absorption of the acoustical material is therefore rated at 0.413, 
or usually at 0.41, since the errors of measurement amount to at least 
3 or 4 per cent. These measurements apply to a frequency of 512 cycles. 
Similar measurements are made at 128, 256, 1024, 2048, and 4096 
cycles. The resulting data will give the absorptive characteristic of 
the material. 

In order to make accurate measurements of the coefficients of sound- 
absorption of acoustical materials, by the reverberation method just 
described, the room should be large, and should have a time of reverbera¬ 
tion of at least 5 or 6 seconds, so that the error in timing short intervals 
will not be appreciable. Further, the amount of material tested should 
be of such an area that its total absorption will reduce the time of rever- 

3 As was showm in Chap. V, the location of the material will have an effect upon the 
time of reverberation in the room and consequently upon the effective absorption 
which the test material adds to the room. But the dimensions of this room, 19 feet 
by 20 feet by 16 feet, are such that all surfaces have nearly the same probability of 
being hit by the decaying sound, and therefore the location of the material will not 
be a very important factor in affecting the rate of decay of sound in this room. As 
a rule, the material is made up into a panel in a maimer comparable with its use in 
buildings, and placed upon the floor of the reverberation room. The test panel 
should have large dimensions in comparison with the wave lengths of the test tones. 
This condition is realized for frequencies above about 256 cycles, but for lower fre¬ 
quencies there are appreciable errors owing to the diffraction around the edges of 
the panel, and to the arrangement of nodes and loops in the room when the test fre¬ 
quency is nearly coincident with one of the free or natural frequencies of the room. 
It is also important that only a relatively small portion of the floor area be covered 
with the test (absorptive) material. Thus, if the entire floor be covered with absorp¬ 
tive material, there will be a two-dimensional reverberation between the walls which 
will tend to prolong the reverberation. In routine tests, the author uses a test area 
of 72 square feet, in the form of a rectangle 8 feet by 9 feet. 
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beration in the room to approximately one half of the reverberation time 
for the empty room. 

The reverberation method just described is a simple and useful 
method for determining the total amount of absorption in a room, or 
for determining coefficients of sound-absorption of acoustical materials. 
When it is not possible or convenient to adjust the test tone to a level 
of 60 db, the following somewhat more general method may be utilized. 
It is necessary to have a source of sound, the rate of emission of which, 
E, can be varied by a known ratio. Then, if the duration of audibility 
of the residual sound for two values of E be determined, the total absorp¬ 
tion in the room can be calculated. Thus, let E i and E 2 be the rates of 
emission of the source, the ratio E 2 /E x being known. (Sabine used one 
and four identical organ pipes, separated from each other sufficiently 
to neglect the mutual coupling between them, so that the four pipes 
emitted four times as much energy as one pipe. A suitable loud speaker, 
actuated by a filtered oscillator current, will usually prove more con¬ 
venient and more satisfactory.) 

Now let h and t 2 be the durations of audibility of the two sources 
having rates of emission of E x and E 2 , respectively; and let I m be the 
minimal audible intensity for an observer in the room. Then, since the 
intensity ratio / 2 //i, 4 for the steady states, is equal to the ratio of the 
rates of emission of the source E 2 /E 1 it follows from Eq. (25) that 

cSlo Ke (l- a ) 

ha - „ - iv -* 

11 ~ e 

cS log e (1 — a) 

Whence, by division, and solving for log* (1 — a) 

-log. (1 - a) = C £( <2 _ tl ) lo & Yi (34) 

In the organ-pipe experiments of Sabine, E 2 /E\ is usually four, the num¬ 
ber of pipes used. In experiments using a loud speaker as the source, 
E 2 /Ei can and should be at least 100. The only measurements neces¬ 
sary besides V, the volume of the room, S, the interior surface of the 
room, and c, the velocity of sound, are t\ and t 2) which can be determined 
by the ear and a suitable stop clock. It is an advantage to have E t 
and E 2 large, as this increases the accuracy in measuring t x and t 2f since 
the times to be measured will be correspondingly longer. It is an even 

4 This ratio is also equal to the ratio pi/pi, where p% and pi refer to the volume densi¬ 
ties of sound energy in the room. 
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greater advantage to have the ratio E%/E i large, since this will reduce 
the error in the difference t 2 — h. This method of determining the total 
absorption in a room, or the absorptivity of a material brought into the 
room, will yield fairly accurate results, provided as many as about 50 
measurements of h and t 2 be taken, and provided further that the test 
room be completely free from noise. 

The reverberation method for measuring sound-absorption has the 
following advantages 5 : 

1. The decadent sound in the room, after the source has been 
stopped, becomes more and more mixed up as time goes on, so that 
near minimal audibility the intensity is nearly uniform in all parts 
of the room. 

2. The pertinent measurements consist simply of time measure¬ 
ments, usually of two or more seconds’ duration. 

3. The apparatus requirements are simple — a standard source 
of tone, with means for adjusting the intensity, and a suitable chrono¬ 
graph comprise the necessary apparatus. 

There are, however, a number of limitations to the reverberation 
method, and some of them are objectionable or difficult to control. 
There is, for example, an inherent error in judging just when the sound 
has reached minimal audibility. Two elements contribute to this error: 
first, the poor sensibility of the ear to small changes of intensity near the 
threshold of audibility; and second, the actual fluctuation of intensity 
resulting from the interference pattern in the room. Under ideal con¬ 
ditions, the smallest discernible change of intensity near minimal audi¬ 
bility is in excess of 40 per cent, 6 and may be as large as 200 per cent 7 
for very low frequencies. Under actual working conditions, it is prob¬ 
able that even greater changes than these are nearer the practical limit. 
This would appear, on first thought, to be a serious source of error; but 
for a tone of usual intensity, that is, one having an intensity of one mil¬ 
lion times the minimal audible intensity, the error in the measurement of 
individual measurements of tw would be approximately 5 per cent. The 
actual fluctuation of intensity resulting from the ever-changing inter¬ 
ference pattern in the room will also introduce an error in the observer’s 
judgment of just when minimal audibility is reached, the magnitude of 

8 These are supplementary to the advantages already mentioned on pp. 161 and 162, 
which referred principally to the advantages of thermionic-tube circuits compared 
with organ pipes. The advantages mentioned at this point refer to the general rever¬ 
beration method, irrespective of the source of test tones. 

8 V. O. Knudsen, 1 ‘Sensibility of the Ear to Small Differences of Intensity and Fre¬ 
quency,” Phys. Rev. (ser. 2), 21, 84 (1923). 

7 R. R. Rieaz, Phys. Rev., 31, 867 (1928). 
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which depends upon the nature of the room and the experimental equip¬ 
ment. The rotation of a large reflecting surface in the room, as is used 
by Paul E. Sabine in the Riverbank Laboratories, minimizes this error. 
However, measurements of reverberation in an ordinary room, without 
a rotating reflector or other means for “ mixing ” the decadent sound, 
would be subject to an error of about 5 to 10 per cent owing to lack 
of diffuseness and the shifting interference pattern in the room. The 
errors arising from the poor sensibility of the ear and from the shifting 
interference pattern will be quite regularly distributed, and therefore, 
by taking the average of a large number of separate measurements, the 
result will be sufficiently accurate for most practical purposes. 

A more serious limitation to the reverberation method for measuring 
the absorption in a room is the necessity for absolute quiet in the test 
room. The masking effect of any slight residual noise upon a feeble tone 
approaching minimal audibility is sufficient to introduce objectionable 
errors 8 in the measurement of t^. Since a noise comprises an almost 
continuous spectrum of all audible frequencies, it is capable of producing 
a masking effect upon a tone of any pitch. Even a very feeble noise of 
only 5 to 10 db would be sufficient to introduce an error of nearly 
10 per cent in the measurement of the time of reverberation. Noises 
of this loudness are prevalent in many rooms which are regarded as 
practically quiet. The limitations resulting from noise can be removed 
by providing a soundproof test room, or by choosing the quiet hours of 
the night, if there be any, as was done by W. C. Sabine. But the rooms 
in which absorption measurements are to be made are not always sound¬ 
proofed, and the task of making routine measurements between mid¬ 
night and 4:00 a.m. is not attractive. 

Another objection to the reverberation method is attributable to 
psychological errors on the part of the observer, who must decide just 
when the intensity has decayed to the threshold of audibility. Although 
a trained observer becomes adept at judging just when the decadent 
sound has reached the threshold, he is not infallible. There are a num¬ 
ber of factors, such as judgment, attention, fatigue, reaction time in clos¬ 
ing or opening the key associated with the chronograph, actual changes 
of hearing sensitivity, and even such factors as prejudices and precon¬ 
ceived notions, all of which introduce errors in the measurement of U o. 
In fact, the human element in the reverberation method for measuring 
the absorption of a room is probably its greatest weakness. Confidence 
in the accuracy of any measurements is increased if they can be made 

8 See article by R. L. Wegel and C. E. Lane, “Auditory Masking of One Pure Tone 
by Another and Its Probable Relation to the Dynamics of the Inner Ear,” Phys. 
Rev., 23, 266 (February, 1924). 
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independently of fallible judgments of the sense organs. Anyone who 
has made reverberation measurements is certain to realize the limitations 
imposed by the use of his ear in judging just when a sound has reached 
minimal audibility, especially if there be any disturbing noise in the room. 

The reverberation method, besides having the limitations mentioned, 
is laborious, and requires the utmost care and patience on the part of the 
observer. Finally, the method becomes very inaccurate in rooms hav¬ 
ing a short time of reverberation. 

But in spite of these limitations, the reverberation method is capable 
of yielding very useful results, accurate to about 3 per cent under the 
most favorable conditions, and about 5 to 10 per cent under conditions 
more commonly encountered in the average room. The most funda¬ 
mental data and principles in the field of architectural acoustics have 
been obtained by this method, and until recently it has afforded the only 
means for investigating the important problem of reverberation in 
auditoriums. 

67. Measurement of Reverberation and Sound-Absorption by the 
Oscillograph Method. Eq. (25), which describes the rate of decay of 
sound in a room, indicates that the 
absorption of a room can be deter¬ 
mined by measuring the rate of decay 
of the sound after the source is 
stopped. Perhaps the most obvious 
method for obtaining a graphic record 
of the rate of decay is to obtain os¬ 
cillograms of the decadent sound. 

Suppose the curve in Fig. 87 to be the 
envelope of a typical oscillogram 9 rep¬ 
resenting the nearly logarithmic decay 
of diffuse sound in a room. If the 
ordinates in Fig. 87 be measured for 
the same successive intervals of time 
V, the ratios of corresponding ordi¬ 
nates separated by these time inter¬ 
vals will be nearly constant. Let /<///' represent the nearly constant 
ratio of any ordinate (which must be expressed in intensity units) to a 
successive one V seconds later; then the average coefficient of absorp¬ 
tion of the interior surface of the room can be determined from 

- log. (1 - a) = ^ log. ^ • (35) 

• This represents an ideal case in which the effects of interference and room reso¬ 
nance are neglected. 



Fig. 87. Logarithmic decay curve 
showing the approximate manner 
in which sound decays in a room. 
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This equation can be solved for a , and the total absorption in the room 
is then, at least approximately, aS. In the oscillograms the ordinates 
would represent the pressure amplitude or the displacement amplitude 
of the sound and not the intensity /, which is proportional to the square 
of the amplitude. Io /I' is therefore the square of the corresponding 
ordinates measured on the oscillogram. In general, in making measure¬ 
ments from oscillograms, it is necessary to extend the measurements 
over a considerable time of decay so that irregularities in the rate of 
decay will be “ averaged out.” 

The advantages of the oscillograph method of determining the absorp¬ 
tion of a room are: 

1. The method is an absolute one, and therefore no calibration is 
required. 

2. The measurements are made on a photographic record, and 
therefore can be made with a high degree of accuracy. 

3. The error in determining the absorption is nearly proportional 
to the logarithm of the intensity ratio /<///', and therefore should be 
small. 

4. The photographic record is permanent and compact, and can 
be filed for future reference. 

There are two limitations to this method for determining the absorp¬ 
tion in a room. First, the decay is not uniform. The interference pat¬ 
tern in the room is pronounced and is in a state of rapid change; suc¬ 
cessive maxima and minima are presented to the detector, and conse¬ 
quently the oscillogram is a complex record showing the effects of inter¬ 
ference as well as the decay of the sound. After the source of sound 
has been stopped the residual sound becomes somewhat more uniform, 
but the successive maxima and minima are never completely eliminated. 

The second limitation to this method comes from the interfering effect 
of any noise in the room. Since it is necessary to extend the measure¬ 
ments to relatively long periods of decay it often becomes necessary to 
use that portion of the oscillogram which corresponds to sound intensities 
comparable with the noise level in many rooms. To avoid this source 
of error it is necessary that the room be relatively quiet — a condition 
which cannot always be realized in commercial buildings. 

An interesting adaptation of the oscillograph method for measuring 
reverberation has been developed by E. Meyer and P. Just. 10 Many 

10 Erwin Meyer and Paul Just, “Zur Messing von Nachhalldauer und Schall- 
absorption,” Elektrischen Nachrichten-Technik, 5, Heft 8, 293 (1928). 



MEASUREMENT OF REVERBERATION 


169 


other investigators have used this method recently. 11 The detecting 
apparatus used by Meyer and Just is shown schematically in Fig. 88. 
As a source of sound they use a band of frequencies generated by the 
beat frequency from two high-frequency oscillators. A motor-driven 
rotating condenser, which is rotated at a rate of about 5 to 7 revolutions 
per second, is connected in the tuning circuit of one of the high-frequency 
oscillators. This produces a periodic variation in the capacitance of the 
tuning circuit, and thus a periodic variation in the beat frequency. In 
this manner, cyclically varying frequency bands of 150 db 50 cycles, 
600 zb 100 cycles, and other bands up to 4800 zb 300 cycles, are gener¬ 
ated. As indicated in Fig. 88, the sound is picked up by a microphone, 



F ig. 88. Schematic arrangement of apparatus used by Meyer and Just for measuring 
rate of decay of sound in a room. 


amplified by a three-stage amplifier, and then rectified. The rectified 
current operates a galvanometer, and the deflection of the galvanometer 
is recorded photographically upon a moving film. The effective width 
of the film is very greatly increased by means of a relay placed between 
the second and third stages of the amplifier. When the amplitude of 
the decadent sound has been reduced to about one tenth of its initial 
value, the relay, which is operated by a time-delay circuit shown at C 
and R , increases by ten fold the input to the third stage of the amplifier. 
By this device, the length of the decay is doubled so that it is possible 
to obtain a record of decay of at least 40 db. 

A typical series of records obtained by Meyer and Just is shown in 
Fig. 89. It will be seen that there are many irregularities in the decay 
curves, even with the rather wide frequency bands which were used for 
“ mixing ” the sound in the room. The irregularities, however, are not 

11 See, for example, V. O. Knudsen, Phil. Mag., 6, 1240 (1928); W. Schindelin, 
Ann. d. Phys., 5, 2, 129 (1929); E. Scharstein, Ann. d. Phys., 5, 2, 169 (1929); 
W. Linck, Ann. d. Phys. 5, 4, 1017 (1930); W. Kuntze, Ann. d. Phys., 5, 4, 1058 
(1930); Chrisler and Snyder, Bureau of Standards Research Paper, No. 242 (October, 
1930). 
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so great as those obtained from a single-frequency source. It will be 
seen also that the low frequencies die away much more slowly than do the 
high frequencies. This is characteristic of nearly all rooms. 



Fig. 89. From photographic records of the decay of sound in a room. 
{Meyer and Just.) 



Fig. 90. Plotted results of the decay curve shown in Fig. 89. {Meyer and Just.) 

The method of interpreting and measuring the photographic records 
is indicated by Fig. 90. It will be noted that the amplitude of the decay 
curve is plotted to a logarithmic scale, so that the decay curves thus 
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plotted should be approximately straight lines. Further, these lines are 
extrapolated until the amplitude has been reduced to one thousandth of 
its initial value; that is, until the intensity has been reduced to one mil¬ 
lionth of its initial value. As plotted, the intersection of these straight 
lines with the time axis gives the time of reverberation for the room — 
that is, the time required for residual sound in the room to decay to one 
millionth of its initial intensity. For example, the reverberation time at 
4800 zL 300 cycles is 1.5 seconds. The technique developed by Meyer 
and Just thus provides an objective method for determining the time 
of reverberation or the sound-absorption in a room. The method ap¬ 
pears to be fairly accurate, particularly at high frequencies. It is, how¬ 
ever, rather laborious, as is evidenced by the number of separate points 
plotted in Fig. 90. Further, it is necessary to take the average of a num¬ 
ber of such records — usually about five — in order to attain a requisite 
degree of accuracy. 

68. Measurement of Sound-Absorption by the Intensity Method. 

Another method for measuring the total absorption in a room, and 
therefore a method for measuring coefficients of sound-absorption of 
acoustical materials, is based upon Eq. (33), which is a — 4:E/cp Q . This 
method is called the intensity method because the essential measure¬ 
ments consist of determining the average intensity of sound in a room. 
According to Eq. (33), the volume density p 0 of sound in a room is directly 
proportional to the rate of emission of sound energy E and inversely pro¬ 
portional to the total amount of absorption a in the room. Hence, if 
the rate of emission of the sound source be kept constant, it is possible 
to make measurements of the total absorption in the room simply by 
measuring p 0 , the average value of the volume density of the sound. 
This is accomplished by making two sets of intensity measurements, 
one with the room as it is to be tested, and another with a known 
amount of absorption added to the room. It then becomes unneces¬ 
sary to know the rate of emission of the source, provided it remains 
constant for the two sets of measurements. The equations for these 
measurements are obtained from (33). Suppose measurements of po be 
made in an empty room having a total absorption a. Then 

4 E 
a -- 

cpo 

Now suppose a known amount of absorption a' has been added to the 
room. Then 
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where po' is the resulting steady state density of sound energy. 


a' 



Whence, 


(36) 


As is indicated by (36), it is not necessary to know the value of E pro¬ 
vided it is known that E remains constant while both po and p 0 ' are 
determined. Further, it is not necessary to know the absolute value of 
po and po'. Since they enter only as a ratio, it is sufficient to measure 
any quantities which are proportional to the volume densities p 0 and p 0 '. 

This method of determining the absorption of sound in a room has a 
number of obvious advantages: 

1. All the measurements are instrumental, and thus independent 
of the ear of an observer. 

2. The error in determining the absorption of sound is the same as 
the error in measuring the average intensity of sound in the room, 
and with suitable apparatus it is possible to reduce this error to a 
tolerable degree. 

3. The disturbing effect of residual noise can be made negligible. 
If the intensity of the test tone be one thousand times greater than 
the intensity of the residual noise in the room, the noise introduces 
an error of only 0.1 per cent. It is an easy matter to produce test 
tones of this required intensity in an average room. Elaborate sound- 
insulation, or the making of the measurements during the quiet part 
of the night, is thus obviated. 

The method of measurement appears simple and precise, and indeed 
would be were it not for the difficulties encountered in determining the 
average value of p 0 . But the interference pattern in the room affects 
both the volume density for intensity) in the proximity of the detector 
(a microphone) and the impedance load on the source (a loud speaker). 12 
It is necessary, therefore, thoroughly to “ mix ” the sound and to make 
measurements at several positions in the room if reliable measurements 
of average intensity are to be made. 

An arrangement of apparatus which has proved satisfactory, although 
laborious, for making measurements of sound-absorption by the inten¬ 
sity method is shown schematically in Fig. 91. The oscillator shown in 
the figure is an audio-frequency oscillator with a motor-driven variable 
inductance. The oscillator may be replaced by a beat-frequency oscil¬ 
lator, similar to the one described in the preceding section. By means of 
either oscillator it is possible to generate frequency bands, approxi- 


“ See Phil. Mag., 5, 1242 (1928). 
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mately one half octave in width, in the vicinity of the following fre¬ 
quencies: 128, 256, 512, 1024, 2048, and 4096 cycles. For the frequency 
band in the vicinity of 512, for example, the frequency varies periodically 
from 408 to 629 and back again to 408 cycles, and the frequency goes 
through approximately five such cycles each second, that is, the warble 
frequency is five cycles per second. In a reverberant room, as is used 
for test purposes, such a rapid variation produces essentially a continu¬ 
ous band of frequencies from 408 to 629 cycles. With a band of fre¬ 
quencies of this width, the interference pattern in the room is very con- 



Fia. 91. Schematic diagram of circuit and apparatus used for determining the 

average intensity of sound in a room. 

siderably smoothed out, so that on the average there is a nearly uniform 
distribution of sound energy throughout the room, not too near the 
source. 

Determinations of the amount of sound-absorption in a room by the 
intensity method give values which are in good agreement with the 
values obtained by the reverberation method. For example, a long 
series of measurements on the same acoustical material, using both the 
intensity method and the reverberation method, gave a coefficient at 
512 cycles of 0.43 by the reverberation method and 0.44 by the intensity 
method. 

As a further indication of the reliability of the intensity method, the 
results of a series of intensity measurements with different amounts of 
absorptive material in a room are given in Fig. 92. The small circles in 
the figure indicate the measured values of the intensity, expressed in 
terms of the deflection of the galvanometer in the output of the thermo¬ 
couple. The solid line curve is a rectangular hyperbola, based upon 
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Eq. (33), which states that the volume density (and consequently the 
intensity) in a room is inversely proportional to the total amount of 
absorption in the room. The close agreement between the observed 
intensities and the hyperbolic curve seems to support the reliability of 
using the intensity method for the measurement of the sound-absorption 
in a room. These measurements also support the validity of Eq. (33), 
which states that the average density of sound energy in a room, pro¬ 
vided the acoustical energy output from the source remain constant, is 
inversely proportional to the total absorption in the room. This con¬ 
clusion is important in connection with the use of absorptive materials 
for the reduction of noise in buildings. 

Dr. Paul Sabine 13 and also Mr. Wallace Waterfall 14 recently have made 
adaptations of the intensify method for the rapid comparison of the 
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Fig. 92. Curve showing the relation between the intensity of sound in a room and 
the total amount of absorption in the room. The curve gives the theoretical value 
of the intensity based upon the assumption that the intensity is inversely propor¬ 
tional to the total amount of absorption in the room. The small circles indicate 
measured values of intensity with different amounts of absorption in the room. 

absorptivity of small specimens of acoustical materials. A source hav¬ 
ing a. constant rate of emission radiates sound on a specimen, and the 
sound reflected from the specimen affects the intensity of sound which 
falls upon a microphone. The intensity, as measured by the microphone 
and amplifier, is a function of the absorptivity of the specimen. The 
apparatus is calibrated by using specimens of known absorptivity. 

89. Recently Developed Objective Methods of Measuring the Rate 
of Decay of Sound in a Room. During the past two years there has 

18 P. Sabine, “ A Device for Direct Measurement of Sound-Absorption Coefficients,” 
reported at the May, 1931, meeting of the Acoustical Society of America. (Abstract, 
Jour. Acou8. Soc., 3, 11 [1931].) 

14 W. Waterfall, not published. 
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been a pronounced development of instrumental methods for measuring 
the rate of decay of sound in rooms — a quantity which, as we have seen, 
facilitates the determination of the total amount of absorption in a room 
or the determination of coefficients of sound-absorption of materials 
brought into the room. The methods of measuring sound-absorption 
described in the two preceding sections are instrumental, but they are 
laborious if accuracy is required. What is wanted is accuracy of meas¬ 
urement without an excessive amount of labor. And nearly everyone 
who has worked in the field of architectural acoustics has felt the neces¬ 
sity of developing objective methods which would be free from the 
inherent errors in the use of the ear in the reverberation method. 

The recent developments in objective methods of measuring sound- 
absorption, both in America and in Europe, have been very much along 
the same line. For example, such laboratories as the Heinrich-Hertz 
Institut fur Schwingungsforschung, 15 in Berlin; the Bell Telephone 
Laboratories, 16 New York; the Electrical Research Products, Inc., 17 
in New York and in Los Angeles; the Bureau of Standards, 18 Washing¬ 
ton, D. C.; the Naturkundig Laboratorium der N. V. Philips' Gloeilamp- 
enfabrieken, 19 Eindhoven; and the Acoustical Laboratory at the Univer¬ 
sity of California at Los Angeles 20 have developed reverberation meters 
which have many features in common. In fact, to describe one of these 
meters is sufficient to give the general principles involved in all the 
meters, although there are of course many differences in detail. For 
example, all but one of these meters use warble frequencies for the test 
tone; all use a condenser or electro-dynamic microphone for picking up 
the sound in the test room; and all use an amplifier and some sort of 
chronograph or recording meter, operated by a relay, to record the time 
required for a decay of a specified number of decibels. In some of the 
instruments the time of decay is indicated for successive decays of about 
3 to 10 db, and in this way a graphic record of the nature of the decay is 
obtained. 21 At the other laboratories the chronograph usually measures 
the time required for a decay in the room of 20 to 60 db. 

The method in use at the Acoustical Laboratory at the University 
of California at Los Angeles follows very closely the method used by 
the Electrical Research Products, Inc. This method has been adopted 

16 E. Meyer, Zeits. fur Tech. Phys., 7, 253 (1930). 

16 Wente and Bedell, Jour. Acous. Soc., 1, 422 (1930). 

17 F. L. Hopper, Jour. Acous. Soc., 2, 499 (1931). 

18 Chrisler and Snyder, Jour. Acous. Soc., 3, 12 (1931). 

« M. J. O. Strutt, E.N.T., 7, 280 (1930). 

30 V. O. Knudsen, Jour. Acous. Soc., 3, 126 (July, 1931). 

31 See, for example, C. F. Eyring, Soc. Motion Picture Engineers (May, 1930), 
in which it is shown that many rooms have more than one rate of decay of sound. 
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following the testing of various other methods, and is found to be satis¬ 
factory for routine tests. The arrangement of the test room and the 
adjacent measuring room is indicated in Figs. 93 and 94, which show a 



Fig. 93. Plan of the acoustical laboratory at the University of California at 1/38 
Angeles. 



Fig. 94. Section through reverberation room and test room of the acoustical lab¬ 
oratory at the University of California at Los Angeles. 

plan and a typical section of the Acoustical Laboratory at the Univer¬ 
sity of California at Los Angeles. This laboratory is used for both ab¬ 
sorption and insulation measurements, but only the features of the lab¬ 
oratory which apply to absorption measurements will be discussed at 
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the present time. The reverberation chamber is 19 feet by 20 feet by 
16 feet high, and is made of reenforced concrete. The walls are 12 inches 
thick, and the ceiling slab is 6 inches thick. This room is enclosed inside 
another concrete room the walls of which are a part of the main Physics 
Building. The reverberation room is separated from the earth by 
6 inches of dry sand and 2-inch cork strips which effectively eliminate 
solid-borne vibrations which might come through the earth or from other 
parts of the building. A large motor-driven paddle of sheet steel is 
rotated in the reverberation room. This helps to “ mix ” the sound in 
the room and insures a more uniform reverberation. The source of 
sound, an electrodynamic loud speaker, and the condenser microphone 



I_1 


Fia. 95. Schematic arrangement of apparatus for measuring the rate of decay of 
sound in a room. 


are in the reverberation room. The rest of the equipment is in the 
measuring room. All connections between the two rooms are by means 
of shielded leads. A schematic arrangement of the equipment is shown 
in Fig. 95. There are two parts: (1) the generator, and (2) the detector. 
The generator consists of a beat-frequency oscillator with auxiliary rotat¬ 
ing condenser for generating the warble frequencies, a power amplifier, 
and an electrodynamic loud speaker. An electrostatic voltmeter is 
connected across the input of the loud speaker in order to maintain a 
constant rate of power supply to the loud speaker. The detector con¬ 
sists of a condenser microphone with an associated three-stage amplifier, 
an attenuator box calibrated in decibels, a two-stage amplifier with a 
vacuum-tube rectifier, a relay which operates at 0.5 milliampere, and a 
special synchronous motor chronograph. The synchronous motor is 
provided with a system of reducing gears which, when engaged with the 
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dial on the chronograph, will rotate the pointer on the dial at a rate of 
one revolution per second. The dial is graduated into 100 parts so that 
the chronograph reads directly in hundredths of a second. An auxiliary 
dial counts the total number of seconds. 

A series of measurements is taken in the following manner: First the 
warble tone in the test room is allowed to build up to a steady state. 
Then attenuation is added to the attenuator box until the rectified cur¬ 
rent which operates the relay has been reduced to 0.5 milliampere, 
which is read on a small milliammeter. Then a certain amount of atten¬ 
uation — usually 30 db — is taken out of the attenuator, which greatly 
overloads the two-stage amplifier and provides a current to the relay 
much in excess of the current at which it operates. The key on the 
chronograph is then pushed, which simultaneously stops the warble 
tone in the test room and starts the chronograph. The chronograph 
continues until the rectified current has diminished to 0.5 milliampere, 
at which instant the chronograph is stopped by an electromagnet oper¬ 
ated by the relay. This is repeated until a series of 10 measurements 
has been taken. The microphone is then moved to another position in 
the room and another series of 10 readings is taken. In precise work it 
is customary to take at least 5 such series of measurements for each 
warble tone, thus giving a total of at least 50 separate measurements of 
the time required for a decay of the number of decibels which had been 
cut out on the attenuator. In some instances, successive times of decay 
are measured for drops of 10, 20, 30, 40, and 50 db, and the results plotted 
in a manner similar to that shown in Fig. 90. In this way, a graphic 
record is obtained of the manner in which the decay takes place. Dur¬ 
ing the measurements, the intensity of the warble tone is frequently 
checked, and if necessary adjusted, so that the extent of the decay in 
the room corresponds to the amount indicated on the attenuation box. 
Such a series of measurements, when plotted as in Fig. 90, gives the time 
required for a decay of 60 db, which is the time of reverberation in the 
room for the particular frequency band at which the measurements are 
taken. It is also a simple matter to calculate either the total amount 
of absorption in the room (from Eq. [30]), or the coefficient of absorption 
of a material which has been added to the room (by making measure¬ 
ments of the reverberation times with and without the material in the 
room). The equipment is fairly portable, and therefore is useful for 
making measurements in the field as well as in the laboratory. It is 
possible to make all measurements at sound levels above 35 or 40 db, 
so that measurements can be made in rooms in which the noise level is 
less than about 35 db. The measurements therefore can be conducted 
under nearly all conditions which are met in practice. 
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The coefficients of sound-absorption of many materials which will be 
listed in the next chapter have been measured either by the method 
just described or by methods similar to it. In addition, the absorptive 
and reverberatory properties of many rooms have been investigated 
with equipment of this type. The equipment is particularly useful for 
the measurement of reverberation in “ dead ” rooms, since a reverbera¬ 
tion time as short as 0.3 second can be readily measured with a probable 
error of not more than 5 per cent. 

70. Field Measurements of Reverberation and Sound-Absorption 
with the Use of Organ Pipes and a Stop Watch. The methods described 
in the preceding sections for measuring reverberation and sound-absorp¬ 
tion require rat her expensive vacuum-tube equipment, and call for consid¬ 
erable experience and skill on the part of the one who makes the measure¬ 
ments. It is possible to make measurements, sufficiently accurate for 
many purposes, with organ pipes and a stop watch: and the technique of 
making the measurements can be easily acquired even by those who have 
had no special training in electric circuits or acoustics. Three organ 
pipes — tuned to 128, 512, and 2048 cycles — will be sufficient for most 
purposes. The rates of emission of the pipes should be determined by 
blowing them in a calibrated reverberation chamber and measuring 
their durations of audibility. Each pipe should be blown at an intensity 
just below the point- at which the prominent overtone is produced. With 
a little experience it will be found that the same pipe can be blown re¬ 
peatedly so as to produce always the same sound level in the same room, 
within 2 or 3 db. If, for example, the duration of audibility of the 512 
pipe should be found to be 16 seconds in a room which has a reverbera¬ 
tion time of 12 seconds at that frequency, the sound level of the 512 pipe 
in this room will be 60 X 16 -5- 12, or 80 db. This corresponds to 10 8 
threshold units. Then the intensity this same pipe will produce in any 
other room will be 10 8 a'/a, where a is the total absorption in this room 
at 512 cycles, and a' is the total absorption in the reverberation chamber 
in which the pipe was calibrated, at the frequency of 512 cycles. Thus, 
if a' = 25 sabines and a = 2500 sabines, the 512 pipe will produce an 
intensity of 10 6 threshold units in a room having an absorption of 2500 
sabines. That is, the sound level produced by the 512 pipe in such a 
room will be 60 db. If the amount of absorption in the room be not 
known, it can be determined approximately by measuring the duration 
of audibility of a tone produced by the pipe in the room, and regarding 
this time as the approximate time of reverberation in the room. By sub¬ 
stituting this “ approximate time of reverberation ” (in most large rooms 
it will not differ by more than 20 or 30 per cent from the true time of 
reverberation) in Eq. (30), it is possible to solve for the approximate 
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value of a, which is equal to aS. This approximate value of a can then 
be used as a means of obtaining (to a sufficiently high degree of accu¬ 
racy) the true time of reverberation, as follows: Let t = measured dura¬ 
tion of audibility of the tone produced by the pipe in the room (which 
must be quiet), and let fa = time for a decay of 60 db. Then for the 
512 pipe in this room, 

ho = -—- -,t. (37) 

10 logio 10 8 ^ 

Since an error of 20 or 25 per cent in the value of a will introduce an error 
of less than 2 per cent in the value of fa, it is obvious that the “ approxi¬ 
mate value ” of a, as determined above, is sufficiently accurate for the 
use to which it is put in Eq. (37). The value of t 6 0 obtained from Eq. (37) 
can then be used in Eq. (30) to obtain a more accurate value of the total 
absorption in the room, which will now be accurate to the same degree 
as is 4o, and this is sufficient for all practical purposes. 

Measurements at other frequencies, for example at 128 and 2048 
cycles, should be made in a manner similar to that which has been out¬ 
lined for 512 cycles. With a set of three calibrated pipes and a stop 
watch, as described, it is possible to make most of the reverberation and 
sound-absorption measurements required for the practical problems 
which arise in architectural acoustics. If there is some residual noise in 
the room where the measurements are made, it is necessary to determine 
the masking effect of this noise for the frequencies at which the measure¬ 
ments of reverberation are made. This can be done by calibrated tuning 
forks having the same frequencies as the organ pipes. The manner of 
making these corrections will be explained in Sec. 87. 

71. Measurement of Absorptivity by the Tube Method. When a 
sound wave, incident vertically upon a plane surface, is reflected, the 
incident and reflected sound unite to form what is called a stationary 
wave pattern. That is, at certain positions in front of the reflecting 
surface, the two waves meet in phase, and conspire to produce maxima; 
and at other positions located half way between the maxima, the two 
waves meet in contrary phase, and thus oppose each other to produce 
minima. If A represent, say, the pressure amplitude of the incident 
wave, and B the pressure amplitude of the reflected wave, the maxima 
in the stationary wave pattern have amplitudes of A + B, and the 
minima have amplitudes of A — B. This is shown in Fig. 96, which also 
illustrates the so-called tube or stationary wave method of measuring 
sound-absorption. In the upper part of the figure the reflecting end 
of the tube is closed with a perfectly reflecting surface, so that the result- 
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ing amplitudes in the stationary wave pattern are 2A at the maxima and 
0 at the minima. The lower part of the figure represents a case in which 
the closed end of the tube consists of an absorbent material which 
reflects only a portion of the incident wave, with an amplitude B f so 
that the resulting amplitudes in the stationary-wave pattern are A + B 
for the maxima and A — B for the minima. Various methods have 
been devised to measure the amplitudes A + B and A — B, by Tuma, 22 
Weisbach, 23 Taylor, 24 Paris, 26 the Bureau of Standards, 26 Heimberger, 27 
and Wente and Bedell. 28 


It can be demonstrated, from a simple consideration of the theory of 
wave motion as applied to the union of the incident and reflected waves 


in a tube closed at one 
end, such as is shown in 
Fig. 96, 29 that the co¬ 
efficient of absorption of 
the partially reflecting 




Complete Reflection 


surface is given by 


Source 


2 +i+! 

b a 



where a/b is the ratio of ^ Partial Reflection 

the maximal amplitude Source 

to the minimal ampli- Fig. 96. Stationary waves in tube showing perfect 
tude. Thus, since in reflection in upper part of figure, and partial reflee- 
Ea (38) a/b = (A 4* B)/ ** on ^ rom an a bso r Ptive material in lower part of 

m , . figure. (Paris.) 

(A — B), and since a = 

(A 2 — BP)/A 2 , it follows at once that a is given by Eq. (38). This 
equation is the form given by Hawley Taylor and is in convenient form 


22 J. Tuma, “Eine Methode zur Vergleichung von Schallstarkung und zur Bestim- 
mung der Reflexionsfahigkeit verschiedenen Materialen,” Sitzungsber. d. Kaiserl. 
Akad. d. Wiss., Ill, Part 2A, 402 (1902). 

23 F. Weisbach, “Versuche fiber Sehalldurchlassigkeit, Schallreflexion und Schall- 
absorption,” Ann. d. Phys. 33, 763 (1910). 

24 Hawley O. Taylor, “A Direct Method of Finding the Value of Materials as Sound 
Absorbers,” Phys. Rev., 2, 270 (1913). 

28 E. T. Paris, “On the Stationary-Wave Method of Measuring Sound-Absorption 
at Normal Incidence,” Proc. Phys. Soc., 39, Part 4, 269 (June 15, 1927). 

28 Eckhardt and Chrisler, “Transmission and Absorption of Sound by Some Build¬ 
ing Materials,” B. of S. Sci. Papers, No. 526 (April 28, 1926). 

27 G. Heimberger, “Simple Method of Finding the Sound Absorbing Power of a 
Building Material,” Phys. Rev., 31, 275 (1928). 

M Wente and Bedell, “The Measurement of Acoustic Impedance and the Absorp¬ 
tion Coefficients of Porous Materials,” Bell Syst. Tech. Jour., 7, 1 (1928). 

29 See, for example, E. T. Paris, loc. ctl. t p. 272. 
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for determining a . It is only necessary to make measurements of 
A + B and A — B f which is usually done with a small exploring 
tube connected to a suitable microphone, amplifier, and galvanometer. 
In general, several maxima and several minima are measured, and aver¬ 
age values are used for the computation of a; or continuous measure¬ 
ments can be made along the axis of the tube which when plotted will 
give a continuous curve (almost sinusoidal) varying in amplitude from 
A + B to A — B. The tube should be long enough to give at least two 
or three maxima and the same number of minima, and since the maxima 
or minima are separated by distances equal to one half the wave length, 
the tube should have a length equal to at least two times the wave length 
for which the tube is to be used. For example, if measurements are to 
be made at frequencies as low as 128 cycles, the tube should be at least 
10 feet long. 

The chief use of the tube method is for the comparison of coefficients 
of sound-absorption of small samples of materials which are fairly 
homogeneous in composition. Thus, the diameter of the tube rarely 
exceeds 1 foot, so that the sample tested need not be larger than about 
1 square foot; but it should be typical of the material it represents. 
This is often a convenience for comparing samples, where the cost and 
labor of making tests on large samples are prohibitive. However, in 
many materials, such as acoustical plasters, a specimen 1 foot square 
may not be representative of the absorptivity of a large surface of acous¬ 
tical plaster, since the texture and porosity of a small sample may differ 
from a large surface of plaster applied to a wall. Finally, it should be 
mentioned that measurements of sound-absorption by the tube method 
give the coefficients for perpendicular incidence of the sound waves, 
whereas measurements in a room give the coefficients for random inci¬ 
dence which is more comparable with actual conditions in a room. 

72. Porosity Measurements of Acoustical Materials. It often be¬ 
comes necessary to know whether the absorptivity of an acoustical ma¬ 
terial as installed in a room is comparable with specimens of the material 
which have been tested in the laboratory and approved for use in the 
room. For example, such materials as acoustical plasters require a con¬ 
siderable amount of care on the part of the plasterer in order to impart 
to the plaster the required amount of absorption. Since the absorp¬ 
tivity of an acoustical plaster depends almost entirely upon its porosity 
— assuming that the size of the pores is determined by the nature of the 
aggregate material, and that the plaster has been applied to the specified 
thickness — measurements of the porosity of the plaster will give a good 
index of its absorptivity. A simple device which has proved very satis¬ 
factory for such purposes is illustrated in Fig. 97. It consists of a 6- 
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gallon bottle, a foot bellows (or a bicycle pump with a check valve, or even 
a normal pair of lungs), a U-tube mercury manometer, and a 2-inch 
glass funnel with a collar for sealing (usually with putty) the funnel 
onto the specimen to be tested. The porosity of the material is then 
determined by measuring the time required for a certain amount of air 
to be discharged through the specimen, that is, the time required for 
the pressure of the air in the bottle to be reduced a specified amount. 
A pressure drop of from 7 centimeters above to 1 centimeter above 



Fig. 97. Simple device for measuring porosity of acoustical materials. 

atmospheric pressure has proved satisfactory for practical measure¬ 
ments. Tests with this apparatus on different plaster surfaces show 
that there is practically no diffusion of air through hard gypsum or lime 
plasters, whereas the bottle will discharge its contents of air (from 7 
centimeters down to 1 centimeter pressure) through acoustical plasters 
in times ranging from about 1 minute down to 1 \ seconds. In general, 
if it requires as long as 1 minute for the contents of the bottle to be dis¬ 
charged through an acoustical plaster, the plaster is not very absorptive. 
If the air is discharged in about 15 to 20 seconds, the pumice type of 
plaster (such as California Stucco Acoustical Plaster), \ inch thick, 
will have a coefficient of about 0.15 to 0.18 at 512 cycles; if the air is 
discharged through the plaster in about 10 seconds, the plaster will have 
a coefficient of about 0.19 to 0.22 at 512 cycles; and if the air is dis¬ 
charged through the plaster in TJ- seconds (as it is in the case of “ Kalite,” 
for example), the material has a coefficient of approximately 0.35 to 0.40 
at 512 cycles. Such porosity tests should be made with a great deal of 
caution, since so much will depend upon the size, number, and inter- 
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communicability of the pores. On the other hand, if the tests are con¬ 
ducted intelligently, they will reveal pertinent information concerning 
the absorptive character of acoustical plasters. 

Similar tests with this apparatus on fibre boards, such as standard 
“ Centex,” “ Insulite,” “ Masonite,” and other fibre boards of this type, 
indicate that if about 20 seconds are required for the air to be discharged 
through the ^-inch-thick fibre board (which should be exposed to the air 
on the opposite side) the material has a coefficient of approximately 0.25 
at 512 cycles, whereas if the air is discharged through the fibre board in 
about 8 to 10 seconds, the material has a coefficient of approximately 
0.30 at 512 cycles. 

Although these porosity tests are very crude, they are often of great 
value in ascertaining the approximate absorptivity of materials which 
are being installed in a building. For example, by making porosity tests 
of specimens of materials at the time they are tested by more precise 
methods in the laboratory and again when the materials are being 
installed in a building it is possible to determine whether the material, 
as installed, is equivalent to the material tested in the laboratory. It 
is often feasible to plaster a small test room in the building before the 
larger and more important rooms are plastered. The porosity of the 
plaster in this small room can then be tested before it is approved for 
use in the more important rooms in the building. The method is also 
very convenient for making a quick comparison of the effects produced 
by the application of different kinds of paint to acoustical plaster, fibre 
board, or even some types of acoustical tile. 

73. Frequency Range Required for Measurements of Sound-Absorp¬ 
tion Coefficients. Coefficients of sound-absorption of building materials 
usually are determined at frequencies of 128, 256, 512, 1024, 2048, and 
4096 cycles, and in some instances this range is extended about an octave 
at each end. The measurements at frequencies below 128 and above 
4096, however, are not very reliable. At very low frequencies the nat¬ 
ural frequencies of the test room are comparable with the frequencies of 
the test tones, and, as Strutt has shown, 30 the reverberation formula 
becomes of doubtful validity. At very high frequencies, the absorption 
in the air becomes such a large portion of the total absorption in the room 
(and the air absorption is subject to rather wide variations with small 
changes of humidity) that the measurements of the absorptivity of the 
test material will not be very reliable. For most practical purposes 
therefore it is necessary and sufficient to determine the coefficients at 
octave intervals between 128 and 4096 cycles. For thin, flexible ma¬ 
terials, as wood or glass panels, which may have pronounced resonant 

» M. J. O. Strutt, loc. cit. 
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frequencies, it is desirable to determine the coefficients at smaller inter¬ 
vals than the octave, especially in close proximity to the resonant fre¬ 
quencies. 

For all measurements of sound-absorption at frequencies of and above 
2048 cycles, it is necessary to make appropriate corrections for the 
humidity, and possibly the temperature, of the air (see Sec. 54), or 
better, to calibrate the empty room at the time each material is tested. 

74. Choice of Methods for Measuring Reverberation and Sound- 
Absorption. Several methods of measuring reverberation and sound- 
absorption have been considered in the preceding sections, and it is pos¬ 
sible that those who may wish to make similar measurements will 
experience difficulty in choosing the method which will be best suited 
to the requirements and limitations of both skill and apparatus. It prob¬ 
ably will be appropriate therefore to conclude this chapter with some 
comments and suggestions concerning the choice of method. If one is 
not familiar with vacuum-tube circuits, it probably will be advisable to 
make approximate measurements with organ pipes and a stop watch, 
following the method described in Sec. 70. Carefully made measure¬ 
ments with three calibrated organ pipes — pitched at 128, 512, and 2048 
cycles — will reveal the pertinent facts concerning the times of reverbera¬ 
tion and the sound-absorptive properties of most rooms in which the 
times of reverberation at all three frequencies are in excess of 2.0 seconds. 

For making more precise measurements, especially in rooms having 
short periods of reverberation, and for laboratory measurements of 
absorptive materials, the self-registering instruments and methods 
described in Sec. 69 are recommended. These methods are not only ob¬ 
jective and therefore independent of the ear of the observer, but they 
also provide a quick and reliable means of determining both the rate of 
decay (i.e., the slope of the reverberation curve during its various phases) 
and the time for a decay of 60 db. The apparatus is rather delicate and 
costly, and, until it is made more rugged and “ fool-proof/' it should be 
used only by those who are familiar with thermionic-tube circuits. 

For investigating the precise manner in which sound is absorbed or 
dies away in a room, and for revealing the irregularities owing to inter¬ 
ference and resonance phenomena, the oscillograph method described 
in Sec. 67 is recommended. The required apparatus is both delicate 
and costly, and considerable skill is required for proper operation of the 
equipment. Although precise measurements of reverberation and 
sound-absorption can be made by the oscillograph method by determin¬ 
ing the rate of decay from at least five oscillograms, each registering a 
decay of at least 30 db, the method is laborious and therefore is not 
recommended for routine measurements. 
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The intensity method described in Sec. 68 has a strong appeal because 
of the apparent simplicity of the theory underlying the measurements, 
but requires the utmost care in providing a thoroughly mixed and uni¬ 
form distribution of sound energy in the room and in maintaining abso¬ 
lute constancy of both the sound generator and the sound detector. 
The method has possibilities of future development, but at the present 
it is of interest primarily because it demonstrates that the average inten¬ 
sity of sound in a room is inversely proportional to the total amount of 
absorption in the room. The method, as simplified by P. Sabine and 
by Waterfall, is useful for making a rapid comparison of the absorptivi- 
ties of small specimens of materials. 

For making rough measurements of the porosity of acoustical plasters 
and fibre boards, as installed and decorated in buildings, and comparing 
the porosity with specimens of the same materials which have been 
tested in the laboratory, the measurement of the rate of diffusion of air 
through the materials, as described in Sec. 72, is extremely helpful in 
protecting a building against defects in the application of acoustical 
plaster or against difficulties which might result from decorating porous 
materials with non-porous paints. The apparatus is extremely simple 
and inexpensive, and can be operated by the architect, building super¬ 
intendent, or any skilled workman. The proper use of such a simple 
device will save many buildings from acoustical ruin. 



CHAPTER VIII 


THE ABSORPTION OF SOUND — MEASUREMENTS, 
COEFFICIENTS OF ABSORPTION, AND OTHER 
PROPERTIES OF ACOUSTICAL MATERIALS 

76. Introductory. In the last two chapters, consideration was given 
primarily to the nature of sound-absorption and to methods of its meas¬ 
urement. In the present chapter the principal results of sound-absorp¬ 
tion measurements by different investigators will be presented. In 
the first part of the chapter there will be given the results of measure¬ 
ments which indicate how such factors as the thickness of the absorptive 
material, the porosity, the density, the perforation of the material with 
small holes, and the use of multiple layers separated by air spaces, affect 
the coefficients of sound-absorption of a material. In the latter part 
of the chapter there will be given, in tabular form, a fairly complete 
listing of the coefficients of sound-absorption of materials which are 
used in building construction, and especially for acoustical purposes. 

In many instances the same material has been measured by different 
investigators, and the results are not always in good agreement. This 
lack of agreement can be attributed to several factors, such as actual 
differences in the samples, differences in the methods of measurement, 
differences in the purity of the test tone used, and probably other factors 
which have not yet been fully determined. In such cases, the author 
has taken certain liberties in obtaining average results. The justifica¬ 
tion for this exercise of judgment in arriving at average values is based 
upon an attempt to give results for all materials which will be as nearly 
comparable as possible. In general, the results of different authorities 
are not seriously discordant, but where average results are given they 
represent what the author believes to be the most probable values of the 
absorption coefficients. 

The results given in the tables are based upon the measurements of 
such authorities as W. C. Sabine, Paul E. Sabine, F. R. Watson, V. L. 
Chrisler 1 and W. F. Snyder, 1 E. T. Paris, 2 V. O. Knudsen, and others. 
There are included in the tables results of measurements on materials 
and combinations of materials obtained by the author and not here¬ 
tofore published. This is made possible through the generous per- 

1 Bureau of Standards, Washington, D. C. 

2 Building Experiment Station, London. 
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mission of many concerns for whom the measurements initially were 
made. 

76. Relation between Sound-Absorption and Thickness of Felted 
Materials and Plasters. Many measurements have been made by dif¬ 
ferent investigators to ascertain how the thickness of an acoustical 
material affects the coefficients of sound-absorption. In Fig. 98 are 


Fio. 98. 
nesses. 



Frequency 


Curves showing the absorption characteristic of hair felt of different thick- 
(W. C. Sabine.) 


shown the results of W. C. Sabine for the coefficients of sound-absorption 
of different thicknesses of hair felt from 1.1 centimeters (0.43 inch) in 
thickness to 6.6 centimeters (2.60 inches). It will be noted that the 
principal effect of increasing the thickness is to increase the absorption 
at the low frequencies. The coefficient of sound-absorption at 4096 is 
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practically independent of the thickness of the material. It will be 
noted also that the maximal absorption occurs at a frequency which is 
dependent upon the thickness, shifting toward lower frequencies as the 
thickness of the felt increases. This shift in the frequency at which 
maximal absorption occurs suggests that there is some sort of resonance, 
probably caused by flexural yielding, that is, by the vibration of the 
entire felted material. As the thickness of the material increases, the 
mass increases proportionately, and therefore it is to be expected that 
the resonant frequency, which is inversely proportional to the square 
root of the mass or inertia factor, will shift toward lower frequencies as 
the thickness (or mass) of the material is increased. 

In Fig. 99 are shown the results of Wente and Bedell on the absorp¬ 
tion coefficients of hair felt of different thicknesses. The measurements 
given by Wente and Bedell were obtained by the “ tube method ” of 
measuring sound-absorption. (See Sec. 71.) There is a fair agreement 



Fig. 99. Curves showing the absorption characteristic of hair felt of different thick¬ 
nesses. (Wente and Bedell.)* 

between these results and those obtained by W. C. Sabine, although reso¬ 
nance peaks are not conspicuous in Wente and Bedell's curves, and the 
agreement is not very good for frequencies above 1000. 

In Table V are shown the results of measurements by E. T. Paris, 
also obtained by the tube method, which exhibit the effect of the 
thickness of hair felt upon the coefficients of sound-absorption. The 
sample of felt investigated by Paris consisted of one to four layers of hair 
felt, each layer having an average thickness of 0.46 inch and a weight of 
8.5 ounces per square foot. The samples were tested at a frequency 
of 512. 
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Table V 


Number 

of 

Layers 

Approximate 

Thickness, 

inches 

Coefficients of 
Sound-Absorption 
at 512 cycles 

1 

0 o 

0 21 

2 

0 9 

0 52 

3 

1 4 

0 69 

4 

1 8 

0 69 


In Fig. 100 are shown the results of measurements at 512 cycles on dif¬ 
ferent thicknesses of hair felt obtained by W. C. Sabine, by Wente and 
Bedell, by E. T. Paris, and by V. O. Knudsen. The results of Wente and 



0 1.0 2.0 3.0 4.0 5.0 6.0 


Thickness of Hairfelt-Inches 

Fio. 100. Summary of absorption measurements on hair felt made at different lab¬ 
oratories showing not only the effect of thickness but the order of agreement of 
measurements made at different laboratories. 

Bedell and of Paris were obtained by the “ tube ” or “ stationary-wave ” 
method, whereas the results of W. C. Sabine and of Knudsen were ob¬ 
tained by the reverberation method. It is reasonable to expect that the 
results obtained by these two methods are not directly comparable. In 
the stationary-wave method the sound waves strike the absorbing surface 
only at normal incidence, whereas in the reverberation method the sound 
waves strike the absorbing surface at all possible angles of incidence. 
The almost perfect agreement between the results of W. C. Sabine and 
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those of Paris is probably accidental, and is not typical, unfortunately, 
of the lack of agreement which is characteristic of most absorption meas¬ 
urements. For example, a comparison of absorption coefficients ob¬ 
tained at the Bureau of Standards on the same materials by the rever¬ 
beration method and by the tube method will show discrepancies of more 
than 100 per cent. In general, however, the agreement among the re¬ 
sults from different laboratories is about as good as is indicated by the 
four curves in Fig. 100, and fortunately this is sufficiently good for nearly 
all practical purposes. 

The results of measurements on the absorption coefficient for hair felt 
of different thicknesses indicate in general that the absorption increases 
with the thickness of the absorbing material, especially at low frequen¬ 
cies. For frequencies below 512, the absorption coefficient is nearly 
proportional to the thickness of the hair felt, for thicknesses of less than 
3 or 4 inches. For frequencies above 512, the absorption increases up 
to a thickness of 1 or 2 inches, above which thickness the absorption 
coefficient remains nearly constant. All the results indicate that in order 
to obtain a fairly uniform absorption throughout the range of frequencies 
from 128 to 4096 cycles by means of porous felted materials, it is neces¬ 
sary to use a thickness of at least 4 to 6 inches. However, a thickness 
of 1 to 2 inches will give the type of absorption characteristic required 
for most speech and music rooms. 

The data in Table VI show the effect of thickness upon the coefficients 
of sound-absorption of balsam wool. 

Table VI 


Thickness, 

inches 

Coefficients of Sound-Absorption 

128 

cycles 

256 

cycles 

512 

cycles 

1024 

cycles 

2048 

cycles 

l 

0 06 

0 22 

0 41 

0 58 

0 57 

1 

10 

.25 

46 

62 

60 

2 

21 

38 

58 

69 

70 

4 

34 

48 

65 

75 

76 


It will be noted that the results for the balsam wool of different thick¬ 
nesses are not essentially different from those obtained for hair felt; 
that is, an increase in thickness has a more pronounced effect upon the 
absorption at the low frequencies than it does upon the absorption at 
the high frequencies. 
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In Table VII are shown the results of measurements on a certain brand 
of acoustical plaster, ?, f, and 1 inch thick. 3 (Data by the author.) 


Table VII 


Thick- 

Coefficients of Sound-Absorption 

ness, 







inches 

128 

256 

512 

1024 

2048 

4096 


cycles 

cycles 

cycles 

cycles 

cycles 

cycles 

i 

0 09 

0 14 

0 17 

0 18 

0 20 

0 28 


.11 

.16 

.18 

.19 

.20 

.29 

i 

.13 

.17 

.18 

.19 

.20 

.26 


It will be noted that acoustical plaster becomes somewhat more absorp¬ 
tive at the low frequencies as the thickness is increased, but that the 
increase of absorption with thickness is not so pronounced as it is for 
hair felt or balsam wool. Thus, whereas the absorption coefficient at 
128 cycles for hair felt and balsam wool was nearly proportional to the 
thickness, the coefficient for the plaster increased from only 0.09 to 0.13 
when the thickness was doubled. This is no doubt attributable to dif¬ 
ferences in the sound-transmission characteristics of the two materials — 
the sound is quite readily transmitted into the porous structure of the 
felt but not so readily into the plaster. 

77. Effect of Stippling Acoustical Plaster. In Table VIII are shown 
the effects of stippling an acoustical plaster with a wire brush. (Data 
by the author.) The holes produced by the stippling were spaced ap¬ 
proximately l inch on centres both ways. It will be seen that the stip¬ 
pling increases the absorption of the acoustical plaster. The results are 
somewhat similar to those obtained by drilling holes in an acoustical 
fibre board. Thus, a piece of ordinary cane fibre board, 1J inches thick, 
has an absorption coefficient at 512 cycles of approximately 0.30, whereas 
the same material with many holes drilled deeply into it has a coefficient 
of approximately 0.70 at 512 cycles. 

78. Effect of Varying the Amount of Binder in Acoustical Plasters. 
The absorption coefficients of such materials as acoustical plasters are 

* In another series of tests conducted by the author for the purpose of determining 
the effect of thickness on the absorptivity of a certain brand of acoustical plaster, 
it was found that a J-inch thickness was more absorptive than a j-inch thickness of 
the same plaster. This probably means that the manner of mixing and applying 
the plaster has a potent influence on the resulting absorptivity, and indeed experience 
with numerous installations of acoustical plaster has confirmed this inference. 
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Table VIII 


Coefficients of Sound-Absorption 


Description 

128 

cycles 

256 

cycles 

512 

cycles 

1024 

cycles 

2048 

cycles 

\ in. thick, float finish. . . 

0 11 

0 16 

0 20 

0 30 

0.36 

\ in. thick, lightly stippled 

I in. thick, stippled to depth of 

14 

1 

.18 

.22 

31 

.37 

1 in. 

.16 

20 

.25 

.37 

.45 


very much dependent upon the composition. Most acoustical plasters 
contain either pumice or slag as the aggregate material, and either mag¬ 
nesite, cement, gypsum, lime, or special preparations as the binder 
material. In Table IX are given the results obtained by E. T. Paris on 
different specimens of acoustical plaster, in which the relative amounts 
of slag and magnesite were varied. All t hree specimens were of a uniform 
thickness of 1 inch, and were backed by a thin layer of cement. 


Table IX 



Coefficients of Absorption 

Description of Specimen 

380 

cycles 

512 

cycles 

650 

cycles 

Acoustical Plaster (3J parts slag to 1 part 
magnesite).. . . 

0 IS 

1 

0 25 

0 27 

Acoustical Plaster (4$ parts slag to 1 part 
magnesite).'. 

.18 

27 

.30 

Acoustical Plaster (OfS parts slag to 1 
part magnesite). 

21 

.31 

.36 


It will be noted, as would be expected, that the absorption coefficient 
increases as the amount of binder is decreased. That is, the absorption 
coefficient increases as the material becomes more and more porous. 

Frequently special chemicals are added to acoustical plasters which 
form bubbles or slowly evolve gas as the plaster takes its initial set. 
This expedient often will increase the porosity and consequently the 
absorptivity of the plaster. 
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79. Effect of “ Packing ” in Felted and Loose Materials. The effect 
on the absorption coefficient of packing a loose material, like hair felt, 
is shown in Fig. 101, which gives the results of tests by Wente and Bedell 
on a layer of hair felt which has a normal thickness of 1 inch. The felt 
was tested at its normal thickness, when it was expanded to a thickness 
of 2 inches, and when it was compressed to a thickness of f inch. It will 
be seen that the chief effect of expanding the felt, so that it is very 
loosely packed, is to increase the absorption coefficient between about 
200 and 2000 cycles, and to decrease slightly the absorption coefficient 



30 60 125 250 500 1000 2000 4000 

FREQUENCY-CYCLES PER SECOND 

Fio. 101. Effect on absorption of “packing” of a loose felted material. (Wente 
and Bedell.) 

at frequencies below 200 cycles. Somewhat similar results on the effect 
of changing the density of a material like rock wool are shown in Table 
XI.V, p. 210. 

80. Effect of Painting Acoustical Plasters and Fibre Boards. The 
matter of decorating acoustical materials is a problem of prime impor¬ 
tance. It is apparent that materials which owe their sound-absorptive 
properties to their porous structure may be greatly impaired by any 
treatment with oil or water paint, varnish, distemper, or other ma¬ 
terials which will close, or partially close, the surface pores. The 
results of painting acoustical plaster with one and two coats of distemper 
are shown in Table X. (Data by Paris.) See also data on painted 
“ Kalite,” Table XII, p. 199, which show that three coats of lacquer 
reduce the absorptivity about 15 per cent. 
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Table X 



Coefficients of Absorption 

Condition of 



Acoustical Plaster 

256 cycles 

512 cycles 

Unpainted 

0 16 

0 29 

One coat of distemper 

06* 

13 

Two coats of distemper 

05* 

11 


* These figures arc to be regarded as upper limits to the coefficients, since, on 
account of the small amount of sound absorbed, the measurements become in¬ 
accurate with the stationary-wave method. 

The application of one and two coats of distemper is thus seen to 
impair greatly the absorption coefficients of acoustical plaster. Other 
heavy or non-porous paints will be fully as injurious. Many installa¬ 
tions of acoustical plaster have been ruined by decoration with such 
paints as oil and lead, casein, and heavy water paints. Viscous or heavy 
paints bridge over or close the surface pores. 

On the other hand, there are various methods of decorating acoustical 
plaster without impairing its absorptive value. For example, thin 
aniline dyes, gasoline or kerosene stains, thin lacquer sprays, and dry 
paint dusted onto the plaster with a pounce-bag are found to offer 
satisfactory means of decoration without impairing the absorptive value 
of the plaster. Actual tests made on a specimen of acoustical plaster 
decorated with a thin kerosene spray indicated no measurable loss in 
absorption after one and two applications of the stain. 

Fibre boards are subject to the same decorative limitations as are 
acoustical plasters. When decorated with non-porous paints these 
fibre boards lose a large portion of their absorptive value. However, 
the thin stains and sprays recommended for acoustical plaster are also 
suitable for fibre boards. Tests on fibre boards decorated with kerosene, 
gasoline, or alcohol stains have shown that these decorative agents can 
be used without more than a 10 per cent impairment of the absorptive 
value of the fibre board. 

81. Spacing and Pattern Effects. The absorption contributed to a 
room by a certain amount of absorptive material depends upon its loca¬ 
tion and distribution in the room. There are always diffraction effects 
around the edges of an absorptive material, so that the shape and dis¬ 
tribution of the material will affect the total amount of absorption sup¬ 
plied by the material. Acoustical material installed in panels, for ex- 
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ample, will provide a greater amount of absorption than will a continuous 
surface of the same area. In addition, the shape of the room and the 
location of the material in the room will determine, as was shown in 
Sec. 55, the number of encounters the decaying sound waves will make 
per second against the absorptive material, and hence will determine the 
effective absorption of the material in the room. 

The effect of spacing and pattern has been investigated by Parkinson 4 
in a series of tests conducted at the Riverbank Laboratories. The 
effective absorption of 48 square feet of 1-inch “ Akoustikos Felt ” was 
determined first when the material was in a single panel 6 feet by 8 feet, 
and then when the material was broken up into small squares and rec¬ 
tangles of different sizes and with different spacings. The coefficients 
of absorption for the material (that is, the total absorption contributed 
by the material divided by the area of 48 square feet), corresponding to 
different arrangements of the material, are given in Table XI. The pat¬ 
tern and spacing are seen to affect very considerably the effective absorp¬ 
tion a certain amount of material will contribute to the room. 


Table XI 


Area of 
Each Unit 

Width of 
Spacing 

Absorption Coefficients 

128 

cycles 

256 

cycles 

512 

cycles 

1024 

cycles 

2048 

cycles 

4096 

cycles 

6 ft. by 8 ft. 

No spacing 

0 11 

0 31 

0 59 

0 68 

0 58 

0.46 

2 ft. by 2 ft. 

2 ft. 

.07 

.30 

.78 

0 96 

.78 

48 

2 ft. by 2 ft. 

4 ft. 

.11 

32 

.93 

1 17 

86 

.62 

1 ft. by 8 ft. 

1 ft. 

.10 

.30 

.73 

0 82 

76 

.71 

1 ft. by 8 ft. 

2 ft. 

.11 

.30 

.78 

0 94 

79 

.70 

1 ft. by 8 ft. 

3 ft. 

.11 

.32 

.85 

1 15 

.84 

.66 

2 ft. by 8 ft. 

1 ft. 

.09 

.30 

.74 

0 79 

68 

.60 

2 ft. by 8 ft. 

2 ft. 

.09 

.31 

.76 

0.84 

.71 

.65 

2 ft. by 8 ft. 

4 ft. 

.11 

.31 

.79 

1 05 

.74 

.60 


82 . Tabulated Results on Coefficients of Sound-Absorption of Build¬ 
ing Materials. In the following tables are given the results of sound- 
absorptive measurements on nearly all the important materials now used 
in building construction, and especially the materials which are used for 
the acoustical treatment of architectural interiors. As mentioned earlier 

4 J. S. Parkinson, “Area and Pattern Effects in the Measurement of Sound-Absorp¬ 
tion, 1 ” Jour. Acous. Soc., 2, 112 (July, 1930). 
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in this chapter, the tabulated results indicate what the author considers 
the most probable values of the coefficients of sound-absorption obtained 
by investigators in the United States and England. Data also are given 
for different types of chairs and for a seated audience. 

Included in the tables are brief descriptions of the composition or 
special features of the material. Such features as structural strength, 
maintenance, adaptability, and other features are discussed in a section 
following the tables of coefficients. In addition, a large number of pho¬ 
tographs are reproduced which show the general appearance, texture, 
and some of the structural details of representative types of material. 

It should be mentioned that owing to the active interest in acoustics 
at the present time improvements of existing materials and develop¬ 
ments of new materials are announced almost every week. Likewise, 
many materials are being discontinued, so that it is an almost impossible 
task to tabulate those (and only those) materials which are actively used 
in building construction. The author has attempted to make a fairly 
complete tabulation of all materials which have been used, which are 
being used, or which, are available for use, in the building industry. 
Naturally, such a tabulation includes a large number of materials, many 
of which may be unimportant or even destined for obsolescence. The 
reason for including such materials is that they may be found in existing 
buildings, in which case the coefficients may be useful in connection with 
questions in acoustics which may arise in these buildings. Finally, it 
should be mentioned that because of the rapid and remarkable develop¬ 
ments in acoustical materials, tests which were made on a material two 
or three years ago may not represent the absorptivity of that material 
today. For example, many acoustical plasters which had coefficients 
(at 512 cycles) of 0.15 to 0.20 a year ago may have been improved so that 
their coefficients today are in excess of 0.35. On the other hand, many 
of the staple products of the larger acoustical concerns have not changed 
for several years, and it is likely that many of these products will be 
continued for several years without appreciable change of absorptivity. 

In order to facilitate quick and convenient use of the tables the ma¬ 
terials have been grouped as follows: Table XII, Acoustical Plasters; 
XIII, Acoustical Tiles; XIV, Acoustical Felts, Wools, and Granulated 
Materials; XV, Fibre and Wall Boards; XVI, Hangings, Floor Cover¬ 
ings, and Miscellaneous Materials; XVII, Hard Plasters, Masonry, 
Wood, and Other Standard Building Materials; XVIII, Combinations 
of Acoustical Materials; and XIX, Audience, Individual Persons, 
Chairs and Other Objects. The different materials or objects in each 
table have been arranged in alphabetical order. 
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Table XII 

ACOUSTICAL PLASTERS 



Thick¬ 

ness, 

in. 


So und-Absorption 
Coefficients 




Brand or Make 

128 

256 

512 

1024 

2048 

4096 

Authority 

Year 

Tested 




cycles per second 



. 

Acoustico. 

i 

0.17 


0 28 

0 36 

0 64 


Bureau of 

1930 

Akoustolith. 

i 

.18 

20 

.24 

.30 

34 

41 

Standards 
C. M. Swan 


Akoustolith. 

i 

.21 

24 

.29 

.33 

37 

42 

u 


Akoustolith, float fin¬ 
ish . 

J 

.17 

.21 

.27 

33 

38 

.40 

Average 


Ambler Sound Absorb¬ 
ing Plaster. 


.03 

.06 

.14 

.17 

19 

.11 

F. R. Wat- 

1926 

Blue Diamond Acousti- 
coat, gypsum base.. 

1 

.07 


.13 


.19 


son 

V. O. 
Knudsen 

1929 

Blue Diamond Acousti- 
coat, lime base, float 
finish. 

h 

.11 

.16 

.18 

.26 

30 


« 

1928 

Blue Diamond Acousti- 
coat, over metal lath. 

l 

.31 

.39 

.42 

.47 

.50 

.45 

u 

1931 

Blue Diamond Acousti- 
coat, over hardwall 
on metal lath. 

i 

.29 

.37 

.36 

.60 

.75 

74 

u 

1931 

Blue Diamond Acousti- 
coat, over hardwall 
on metal lath. 

l 

.38 

.50 

.60 

.75 

.70 

.72 

a 

1931 

Blqe Diamond Acousti- 
coat, over scratch coat 
on metal lath. 

i 

.21 

.24 

.35 

.50 

.55 

.64 

u 

1931 

Blue Diamond Acousti- 
coat, over scratch coat 
on metal lath. 

i 

.33 

.42 

.46 

.61 

.60 

.55 

u 

1931 

Blue Diamond Acousti- 
coat, over scratch coat 
on metal lath. 

li 

.42 

.47 

.55 

.62 

.64 

.67 

u 

1931 

Calacoustic, floated.... 

i 

.08 

.12 

.17 

.21 

.24 

.29 

u 

1926 

Calacoustic, deeply 
stippled. 

. 

l 

.16 

.19 

.23 

.30 

.40 

.43| 

1 

u 

1926 
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Table XII — ( Continued ) 
ACOUSTICAL PLASTERS 



Thick¬ 

ness, 

in. 

Sound-Absorption 

Coefficients 




Brand or Make 

128 

256 

512 

1024: 

2048J* 

4096 

Authority 

Year 

Tested 




cycles per second 




Eclipse. 

Eclipse, over scratch 

1 i 

2 

0 121 

9.151 

9.191 

9.241 

9.26 

0.29 

V. O. Knud- 

sen 

1930 

coat. 

1 

2 

.16 


.25 


.26 


u 

1930 

Gimco. 

1 

4 


32 

.30 

36 

.42 


F. R. Wat¬ 
son 

1930 

Halico, floated. 

1 

2 

17 

.14 

14 

.16 

.15 


Bureau of 
Standards 

1930 

Halico, stippled. 

Halite, No. 1, on plas- 

1 

2 

.16 

.19 

.25 

.36 

.44 


u 

V. O. Knud- 

1930 

ter board . 

Halite, No. 100, on 

3 

4 

27 

.30 

.37 

.55 

.57 

.64 

sen 

1930 

metal lath. 

Halite, No. 102, on 

3 

4 

.44 


.55 


.70 


u 

1930 

metal lath. 

Halite, over hardwall 
on metal lath, No. 

i 

.37 

.45 

.39 

.47 

.53 

.65 

u 

1930 

102 finish coat. 

Halite, No. 103, on 

i 

.16 


.21 


.29 


a 

1930 

metal lath. 

Halite, No. 104, as in¬ 

3 

4 

39 


.40 


.48 


u 

1930 

stalled in a room .. 
Halite, as installed in 

i 

I . 

.18 


.24 


.30 


u 

1931 

a room. 

Halite Cast Acoustic 

tt 

.16 


.31 


.38 


u 

1931 

Plaster Tamped. 

Halite Super Plaster 
A, three coats on 

U 

.29 


.60 


.71 


u 

1931 

metal lath. 

li 

.50 

.59 

.64 

.61 

.67 

.83 

u 

1930 

Halite, unpainted . 

Halite, with one coat 

1 

.41 


.51 


.59 


u 

1930 

lacquer. 

Halite, with three 

i 

.37 


.4G 


.51 


u 

1930 

coats lacquer. 

i 

.3fl 


.43 


.4£ 

> .. 

u 

1930 

Macoustic, float finish. 


.OS 

) .13 

1 .IS 

) .21 

. .2e 

> .27 

r Bureau of 
Standards 

1929 
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Table XII — ( Continued ) 
ACOUSTICAL PLASTERS 





Sound-Absorption 

Coefficients 




Brand or Make 

1-nick- 

ness, 

in. 

128 

256 

512 

1024 

2048 

4096 

Authority 

Year 

Tested 




cycles per second 




Macoustic, stippled 








Bureau of 


with fibre brush.... 
Macoustic, stippled to 


0 09 

0 14 

0 22 

0 27 

0 41 

0 55 

Standards 

1929 

depth of 4 in... . 
Malone, on I-in. wall 
board backing. “Left 


12 

20 

31 

39 

58 

65 

V. O. Knud- 

1929 

under the rod.” 
Malone, over hardwall 

i 

15 

29 

27 

28 

28 

30 

sen 

1931 

on f-in. plaster lath 
Malone, over hardwall 

i 

13 

14 

20 

46 

48 

.45 

« 

1931 

on f-in. plaster lath . 
Malone, over special 
scratch coat on metal 

lath. 

Mineral Wool Acoustic 
Plaster. . 

5 

8 

i 

15 

39 

15 

17 

33 

50 

38 

58 

52 

56 

35 

45 

u 

« 

a 

1931 

1931 

1930 

National, stippled .. 

3 

13 

17 

22 

29 

34 

46 

ft 

1930 

National, Type S 
National, Type S, over 
hardwall scratch coat 

i 

15 

22 

46 

52 

64 

43 

« 

Electrical 

Research 

1930 

on wire lath... 

i 

.235 

25 

31 

42 

53 

48 

Products* 

1931 

Nephi, smooth finish 

Nephi, rough dash fin¬ 

i 

08 

12 

14 

20 

24 


V. O. Knud- 

sen 

1927 

ish. 

i 

10 

13 

16 

23 

.28 


« 

1928 

Nephi, on metal lath . 

i 

.16 

40 

.43 

.44 

.49 

52 

ft 

1931 

No-Echo, smooth finish 

i 

.05 

08 

.13 

22 

.35 


ft 

1929 

No-Echo, rough float. . 

i 

.11 

.15 

17 

.21 

.32 


ft 

1929 

No-Echo, on metal lath. 
Reverbolite, stippled 

a 



.50 




ft 

Bureau of 


with large pins. 

Sabine Plaster, fixed 

} 

.07 

.15 

.34 

.47 

.65 


Standards 

Building 

1930 

as tiles.. 

i 

.07 

.07 

.23 

.43 

.27 

i 

.41 

Research 

Station 



* Sound-absorption coefficients from Electrical Research Products Laborato¬ 
ries are for frequencies of 125, 250, 500, 1000, 2000, and 4000 cycles. 
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Table XII — ( Continued) 
ACOUSTICAL PLASTERS 


Brand or Make 

Thick¬ 

ness, 

in. 

Sound-Absorption 

Coefficients 

Authority 

Year 

Tested 

128 

256 

512 

1024 

2048 

4096 

cycles per second 

Sabine Plaster, modi- 










tied by Building Re- 








Building 


search Station, trowel 








Research 


applied 

i 

0 11 

0 11 

0 29 

0 47 

0 29 

0 38 

Station 











Before 

Sabinite 

i 

a 

08 

14 

.18 

.25 

31 

35 

Average 

1930 

Sabinite 

i 

a 


20 

34 

48 

49 

47 

P. E. Sabine 


Sabinite, improved 










standard .... 



20 

31 

39 

.38 

43 

U 


Sabinite, No. 38, for 










swimming pools 


10 

24 

38 

.42 

41 

.41 

U 


Simphonic, stippled 

1 

4 

10 

12 

.16 

.21 

24 

.27 

V.O.Knud- 

1929 









sen 


Stucoustic, float finish 

\ 

.12 

16 

.19 

.24 

31 


U 

1929 

Stucoustic, float finish 

1 

2 

.18 


.24 


26 


U 

1930 

Western Acoustic Plas¬ 










ter, drag finish 

1 

25 


32 


50 


u 

1931 

Zono. . . 



.30 

31 

.29 

.30 

.24 

Anderson 










University 










of Toronto 


Zonolite. 

3 

4 

.16 

22 

.25 

.32 

.38 

. . 

V.O.Knud- 

1929 


- 







sen 
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Table XIII 


ACOUSTICAL TILES 


Brand or Make 

Thick¬ 

ness, 

in. 

Sound-Absorption 

Coefficients 

Authority 

Year 

Tested 

128 

256 

512 

1024 

2048 

4096 

cycles per second 

Acoustex, composition 










tile made of excelsior 










and magnesium oxy- 










chloride. . 

1 

0 16 

0 23 

0 37 

0 64 

0 65 

0 55 

C. M. Swan 

1928 

Acoustex. 

1 



37 




F. R. Watson 

1929 

Acoustex, 60 . 

1 

10 

23 

54 

74 

63 

55 

P. E. Sabine 

1930 

Acoustex, 60, spray 








Bureau of 


painted . ... 

1 

16 

24 

51 

71 

72 

60 

Standards 

1930 

Acoustex, 70 . 

u 

14 

34 

68 

82 

63 

52 

P. E. Sabine 

1930 

Acoustex, 70 .... 

u 

16 

34 

75 

85 

84 

93 

Bureau of 

1931 









Standards 


Acoustex, 70, painted, 










four coats. 

H 


29 

.73 

90 

85 


u 

1931 

Acoustex, spray painted 

H 

22 

.31 

59 

.73 

73 


u 

1930 

Acoustex . .... 

2 

22 

41 

64 

86 

84 


it 

1930 

Acousti-Celotex, Type 









Before 

A. 

H 

.14 

.16 

24 

23 

23 

23 

Average 

1929 

Acousti-Celotex, Type 









Before 

B . 

tt 

22 

28 

47 

53 

62 

62 

u 

1929 

Acousti-Celotex, Type 









Before 

BB . 

U 

28 

42 

.65 

.73 

77 

77 

u 

1929 

Acousti-Celotex, Type 









Before 

C. 

1 

14 

.16 

.30 

45 

57 

55 

u 

1929 

Acousti-Celotex, Single 










B. 

1 

.11 

25 

.45 

.61 

.68 

.74 

u 

1931 

Acousti-Celotex, 










Double B . . 

a 

.17 

32 

57 

.72 

.69 

70 

u 

1931 

Acousti-Celotex, 










Triple B . 

H 

20 

.41 

.75 

.86 

67 

.59 

u 

1931 

Acousti-Celotex, Min¬ 








Bureau of 


eral Fibre Tile . 

u 

.22 

.32 

.84 

.80 

.87 

.87 

Standards 

1931 

Acoustone, No. 46. 

i 


.19 

.46 

55 

.48 


P. E. Sabine 

1930 

Acoustone, No. 62. 

i 


.30 

.62 

.64 

.55 


a 

1930 

Acoustone, No. 60. 

i 


.41 

.60 

.64 

.53 


it 

1930 

Acoustone, No. 47. 

i 

.. 

.17 

.44 

.59 

.60 


Bureau of 

1930 









Standards 


Acoustone, No. 56 . 

i 


.27 

.53 

.62 

.60 


u 

1930 
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Table XIII — ( Continued) 
ACOUSTICAL TILES 



Thick- 

So und- Absorption 
Coefficients 



Year 

Tested 

Brand or Make 

ness, 

in. 

128 

256 

512 

1024! 

2048 - 

1096 

Authority 




cycles per second 




Acoustone, No. 61. . . . 

1 


0 37 

0.59 ( 

0 641 

a 6i 


Bureau of 

1930 

Acoustone.. 

i 


18 

48 

.62 

59 

52 

Standards 

Average 

Before 

1931 

Acoustone. 

i 


.28 

.62 

66 

70 

.53 

u 

Before 

1931 

Acoustone.. 

1 


.42 

65 

67 

69 

.53 

u 

Before 

1931 

Akoustolith. 

T 

8 

.10 

21 

30 

.42 

46 

42 

u 

Before 

1930 

Akoustolith A . . . . 

1 

14 

19 

.48 

.72 

.83 


Bureau of 

1931 

Akoustolith B.. . 

1 

10 

.14 

28 

65 

73 


Standards 

u 

1929 

Akoustolith C. . . 

n 

12 

.19 

44 

61 

66 


u 

1930 

Akoustolith C... 

2 

10 

.26 

53 

64 

.70 


u 

1930 

Akoustolith D. .. 

1 

08 

.13 

25 

54 

67 


u 

1930 

Akoustolith D. 

2 

15 

.26 

59 

.74 

52 


u 

1930 

Akoustolith Sound-Ab¬ 










sorbing Stone 

1 

.06 

14 

38 

.52 

.53 

35 

C. M. Swan 


Alltite Acoustical 
Blocks 

U 

28 

46 

60 

64 

.62 

.64 

V. O. Knud- 

sen 

1930 

Alltite Acoustical Tile 

H 

38 

.55 

69 

.75 

81 

.85 

u 

1929 

Armstrong Cork Board, 










.875 lb. per square 
foot. 

1 * 


.08 

. 30 

.31 

.28 


F. R. Watson 

Before 

1927 

Armstrong Cork Board, 










like above, sprayed 
with cold water paint 

1 


.07 

.30 

.28 

.29 


u 

Before 

1927 

Armstrong Cork Board, 
1.6 lb. per square foot. 

2 


.17 

.35 

27 

.34 


u 

Before 

1927 

Calicel, undecorated... 

1 

.23 

.33 

.72 

.75 

.71 

.46 

Electrical 

1931 








Research 

Products* 


Calicel, one coat lac¬ 










quer. 

1 

.21 

> .35 

\ .71 

.73 

\ .7C 

) .43 


1931 


* Sound-absorption coefficients from Electrical Research Products Laboratories 
are for frequencies of 125, 250, 500, 1000, 2000, and 4000 cycles. 
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Table XIII — ( Continued ) 
ACOUSTICAL TILES 



Thick- 

Sound-Absorption 

Coefficients 



Year 

Tested 

Brand or Make 

ness, 

in. 

128 

256 

512 : 

10241 

2048 - 

1096 

Authority 




cycles per second 




Calicel, two coats lac¬ 
quer . 

1 

0 221 

0 351 

0 701 

[) 761 

[) 721 

3 48 

Electrical 

Research 

Products* 

1931 

Corkoustic. 

ij 

.08 

13 

32 

34 

40 

50 

V. O. Knud- 

1929 

Fir-Tex Decorated 
Board . 

i 

.14 

.19 

.38 

.64 

.80 

.68 

sen 

« 

1932 

Fir-Tex Decorated 
Board. 

1 

.20 

32 

.69 

.73 

.85 

.70 

u 

1932 

Herman, E. T., Acous¬ 
tical Tile. 

n 

.09 

15 

23 

.33 

50 

.75 

u 

1931 

Insulite Acoustile, 
nailed to wood strips, 
12-in. o.c. 

i 

.21 

.30 

.38 

.44 

.46 

.50 

u 

1930 

Insulite Acoustile: 

|-in. low density 
board with sanded 
surface glued to 
in. Standard Insulite 
board; J-in. air space 
between boards 

m 

.26 

.42 

.50 

.57 

.61 

.59 

Bureau of 
Standards 

1931 

Kendall and Delaney's 
Rock Wool Tile .... 

i 

.38 

.45 

.43 

49 

63 

.59 

V. O. Knud- 

sen 

1931 

Laminated Acoustic 
Tile . 

i 

.14 

.26 

.54 

.68 

.75 


Bureau of 
Standards 

1930 

Laminated Acoustic 
Tile. 

u 

.22 

37 

60 

.72 

76 


u 

1930 

Mutetile. 


.46 

.71 

.76 

.94 

.67 

.53 

u 

1932 

Nashtile. 

} 



.38 




Johns- 

Manville 

Before 

1931 

No-Echo Tile. 

i 

.13 

.21 

.39 

.50 

i .51 

.55 

> V. O. Knud- 

1930 

No-Echo Tile (Zonolite) 

i 

.21 

.27 

.35 

> .40 

1 .43 

! .45 

sen 

► « 

1929 

Porolith Rock Wool 
Tile. 

A 

.10 

l .23 

.56 

\ .84 

l .87 

r .8£ 

Bureau of 

I Standards 

1931 

Porous breeze concrete 
blocks, set in 1 : 3 ce¬ 
ment-sand mortar. 

2 

.15 

» .21 

.43 

\ .37 

r .3£ 

) .51 

Building 
Research 
l Station 













TABULATED RESULTS ON COEFFICIENTS 


205 


Table XIII — (Continued) 
ACOUSTICAL TILES 



Thick¬ 

ness, 

in. 

Sound-Absorption 

Coefficients 




Brand or Make 

128 

256 

512 1 

[024 5 

8 

1096 

Authority 

Year 

Tested 




cycles per second 




Rockoustile 

1 

0 18 ( 

3 38 ( 

3 57 ( 

3 65 ( 

3 72 ( 

3.80 

Bureau of 
Standards 

Before 

1931 

Rumford Tile 

1 

09 

.18 

29 

34 

.34 

30 

W. C. Sabine 

Before 

1915 

Sanacouatic Tile . 

u 

19 

.46 

79 

82 

74 

.56 

Average 

1931 

Sanacoustic Tile, enam- 










eled steel or enameled 
aluminum 

Slagbestos slabs, } in. 
from wall. 

n 

32 

3S 

82 

.65 

73 

30 

29 

Johns- 

Manville 

Building 

Research 

Before 

1931 









Station 


Slagbestos slabs, 1J in., 
with canvas cover 1 










in. distant. 

2 h 

42 

49 

80 

78 

47 

42 

u 


Soundex . 

1 

11 

13 

27 

50 

.63 

.40 

P. E. Sabine 

1929 

Soundex . 

2 

09 

35 

60 

67 

.45 

.53 

u 

1929 

Soundex, spray painted 

1A 

.10 

22 

36 

53 

72 


Bureau of 

1929 

Soundex, spray painted 

i& 

.21 

26 

48 

68 

.75 


Standards 

u 

1929 

TMB Acoustic Metal 










Tile with 1 J-in. Gim- 










co rock wool filler. .. 



62 

80 

79 

.70 


F. R. Watson 

i 1931 

TMB Acoustic Metal 










Tile with lj-in. Gim- 
co rock wool pad. 


.39 

,50 

86 

90 

81 

.75 

Bureau of 
> Standards 


Transite Acoustical 
Tile. 


.19 

.39 

81 

.77 

.72 

: .55 

) u 

Before 

1931 

Trutone. 

l 

22 

! .30 

.39 

.47 

' .53 


V. O. Knud- 

1929 

Trutone. 

, 2 

.29 

> .35 

* .47 

' .49 

> .55 


sen 

u 

1929 

Trutone, on J-in. plas¬ 










ter board. 

. It 

.31 

[ .39 

> .57 

' .70 

) .64 

1 .55 

2 “ 

1931 

Zenitherm: cork gran¬ 
ules compressed into 
a porous tile; 2.07 lb. 









per square foot. 

. 1.14 

.01 

1 .15 

1 .3; 

1 .45 

> .45 

?| . 15|F. R. Watsoi 

i 1927 
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Table XIV 

ACOUSTICAL FELTS, WOOLS, AND GRANULATED MATERIALS 


Brand or Make 

Thick¬ 

ness, 

in. 

Sound-Absorption 

Coefficients 

Authority 

Year 

Tested 

128 

256 

512 

1024 

204»j 

4096 

cycles per second 

Acoustic Flexfelt. 



0 46 

0 57 


0 72 


F. R. Watson 


Acoustic Flexfelt 

1 

27 

40 

.56 

.65 

68 


Knudsen 

1929 

Acoustic Flexfelt 

u 

.40 

49 

.61 

.67 

69 


u 

1929 

Acoustic Flexfelt 

6 

.53 

.59 

.69 

.61 

.67 


u 

1929 

Acoustic Flexfelt, 1 in. 










layer separated from 










lj-in. layer by 1-in. air 



j 







space . 

3i 

51 

I 60 

65 

71 

73 


u 

1929 

Audi tec, on 1-in. fur- 










ring strips 16 in. o.c. 

1 

.07 

16 

25 

44 

47 

51 

P. E. Sabine 

1930 

Auditec, de Luxe, on 1 










in. by 2 in. furring 










strips, 24 in. o.c.. .. 

3 

4 

10 

23 

.45 

.72 

58 

50 

« 

1931 

Auditec, de Luxe, hung 










1J in. from wall . . . 

i 

10 

28 

.52 

81 

67 

53 

u 

1931 

Balsam Wool, 0.258 lb. 










per square foot. 

i 

.12 

25 

49 

63 

65 

60 

Average 


Balsam Wool, 0.52 lb. 








V. O. Knud¬ 


per square foot. 

2 

.23 

40 

.58 

69 

70 

66 

sen 

1928 

Balsam Wool, 1.03 lb. 










per square foot. 

4 

.36 

50 

.65 

.75 

.76 

.72 

« 

1928 

Balsam Wool, scrim 








Bureau of 


facing. 

1 

.18 

.36 

55 

.65 

67 


Standards 

1930 

Blast Hair Blanket, 8 








Johns- 

Before 

oz. per square foot- 

2 


. 

85 




Manville 

1931 

Blast Hair Blanket, 8 



■ 





P. E. Sabine 


oz. per square foot, 








and Bureau 


hung in curtain form 








of 


against wall. 

2 

.285 

.595 

765 

82 

765 

665 

Standards 


Broadcasting and Re¬ 










cording Studio Treat¬ 








Johns- 

Before 

ment . 

4 



.695 




Manville 

1931 

Cabot’s Quilt, three- 










ply, two layers li in. 








Building 


from wall with canvas 








Research 


cover 1 in. from Quilt. 


.22 

.42 

.74 

.77 

.69 

.44 

Station 
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Table XIV — (Continued) 

ACOUSTICAL FELTS, WOOLS, AND GRANULATED MATERIALS 


Brand or Make 

Thick¬ 

ness, 

in. 

Sound-Absorption 

Coefficients 

Authority 

Year 

Tested 

128 

256 

512 

1024 

2048 

4096 

cycles per second 

Cushocel.... 

3 

4 


0 14 

0 35 

0 33 

0 22 


F. R. Watson 

1930 

Dry-Zero: kapok fibres 








V. O. Knud- 


covered with burlap 

2 

38 

.51 

.G2 

.63 

65 


sen 

1929 

Dry-Zero, in burlap . 

2 

22 

.35 

61 

80 

91 

98 

Bureau of 

1929 









Standards 


Dry-Zero, in muslin 

n 

28 

48 

68 

82 

98 

97 

u 

1929 

Felt, Asbestos-Akousti- 










kos: hair and asbestos 










fibre 

i 

09 

14 

.29 

.50 

.62 

.56 

Average 


Felt, Asljestos-Akousti- 










kos 

i 

4 

11 

21 

.40 

.64 

.68 

62 

a 


Felt, Asbestos-Akousti- 










kos 

1 

15 

29 

.54 

.70 

73 

62 

u 


Felt, Asbestos-Akousti- 










kos. 

H 

.13 

41 

73 

.73 

.58 

.46 

P. E. Sabine 


Felt, Asbestos-Akousti- 










kos. 

o 

1 

24 

48 

74 

79 

.76 

65 

Average 


Felt, Asbestos-Akousti- 










kos . 

3 

35 

57 

78 

84 

78 

67 

« 


Fibrofelt . 

J 



.43 




C. F. Burgess 

1928 









Laboratories 


Fibrofelt. 

1 



62 




u 

1928 









Wente and 

Before 

Flax Wool. 


.09 

18 

.48 

73 

.50 

.33 

Bedell 

1928 

Hair felt, 100 per cent 










hair. 

1 

.12 

32 

51 

.62 

.60 

.56 

Average 


Hair felt, as above. .. 

2 



.68 




u 


Hair felt, as above . . 

4 



.79 




u 


Hair felt, cloth mem¬ 








Building 


brane (0.87 oz. per 








Research 


square foot) stretched 








Station and 

Before 

near surface. 


.20 

.40 

.65 

.27 

.14 

.11 

W. C. Sabine 

1915 

Hair felt, membrane 










(2.58 oz. per square 










foot) stretched near 





! 




Before 

surface. 

•• 

.29 

.41 

.32 

.19 

.11 

.08 

U 

1915 
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Table XIV — ( Continued ) 

ACOUSTICAL FELTS, WOOLS, AND GRANULATED MATERIALS 



Thick¬ 

ness, 

in. 


Sound-Absorption 

Coefficients 




Brand or Make 

128 

256 

512 

1024 

2048 

4096 

Authority 

Year 

Tested 




cycles per second 




Hair felt, as above, 2 
in. from wall. 


0 11 

0.26 

0 62 

0 73 

0 66 

0 45 

Building 
Research 
Station and 
W. C. Sabine 

Before 

1915 

Hair felt, as above, 4 
in. from wall. 


13 

30 

66 

74 

66 

45 

a 

Before 

1915 

Hair felt, as above, 6 
in. from wall. 


15 

35 

68 

75 

66 

.45 

U 

Before 

1915 

Jute-felt. 

i 

05 

08 

.17 

‘18 

52 

51 

W. C. Sabine 

Before 

1915 

Jute-felt. 

1 

15 

22 

54 

63 

57 

.52 

u 

Before 

1915 

Jute-felt. 

H 

24 

38 

.63 

65 

57 

52 

u 

Before 

1915 

Jute-felt. 

2 

34 

50 

69 

67 

.58 

52 

u 

Before 

1915 

Jute-felt . 

21 

43 

59 

75 

67 

58 

52 

u 

Before 

1915 

Jute-felt. 

3 

50 

66 

77 

68 

58 

52 

u 

Before 

1915 

Linofelt, commercial . 

1 

.17 

.24 

.41 

.50 

57 

.70 

V. O. Knud- 

1930 

Nashkote A, perforated 
after, erection. 

1 

.08 

15 

.43 

.62 

65 

58 

sen 

Bureau of 
Standards 

1929 

Nashkote A, as above 

i 

.11 

.21 

.51 

.68 

.71 

.68 

u 

1929 

Nashkote A, as above.. 

i 



.67 




u 

Before 

1931 

Nashkote A, as above.. 

i 

.13 

.26 

.58 

.73 

.77 

.71 

Bureau of. 

1929 

Nashkote A, as above... 

i 

.12 

.33 

.68 

.75 

.66 

.54 

Standards 

Average 

1929 

Nashkote AIS. 

i 

.07 

.19 

.30 

.40 

.42 

.33 

Bureau of 

1929 

Nashkote AIS . 

i 

.09 

.25 

.36 

.44 

.48 

.39 

Standards 

u 

1929 

Nashkote AIS . 

i 

.10 

.32 

.41 

.50 

.56 

.47 

u 

1929 

Nashkote AIS . 

1 



.31 




u 

Before 

1931 
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Table XIV — ( Continued) 

ACOUSTICAL FELTS, WOOLS, AND GRANULATED MATERIALS 


Brand or Make 

Thick¬ 

ness, 

in. 

Sound-Absorption 

Coefficients 

Authority f 

Year 

rested 

128 

256 

512 : 

1024: 

2048 * 

1096 

cycles per second 









Bureau of 

Before 

Nashkote AIS. 

3 

4 



0 38 




Standards 

1931 

Nashkote AIS. 

7 

8 



46 




« 

a 

Nashkote ACS.. . . 




31 




u 

a 

Nashkote ACS . 

3 

4 



38 




u 

u 

Nashkote ACS 

7 

8 



46 




u 

u 

Nashkote B-322. 

1 

0 15 

0 28 

59 

0.79 

0 77 

0.63 

a 

u 

Nashkote B-332. 

l 



43 




u 

u 

Nashkote B-332 

! 



53 




u 

u 

Nashkote B-332. 

7 

8 



67 




a 

u 

Nashkote B-085 

i 



36 




a 

u 

Nashkote B-085 

1 

4 


| 

47 




a 

u 

Nashkote B-085 

l 



.60 




a 

u 

Nashkote B-068 

1 



39 




u 

a 

Nashkote B-068 

3 

4 



48 




u 

a 

Nashkote B-068. 

l 



63 




a 

a 

Nashkote B-045 

i 



39 




a 

u 

Nashkote B-045 

i 



49 




a 

u 

Nashkote B-045 

l 



64 




a 

u 

Nashkote C. 

1 

10 

12 

30 

.54 

75 

71 

a 

1929 

Nashkote C... 

i 

.13 

15 

41 

62 

.85 

76 

u 

1929 

Nashkote C. 

i 

08 

.13 

.31 

54 

.66 

62 

! Average 

1929 

Nashkote C. 

i ■ 

.11 

.18 

.42 

63 

73 

.64 

! U 

1929 

Nashkote C . 

1 

17 

20 

.50 

73 

91 

8C 

\ Bureau of 

1929 









Standards 


Nashkote F. 

i 

07 

.18 

35 

58 

58 

.47 

r P. E. Sabine 

1928 

Nashkote F. 

i 

10 

24 

49 

74 

.59 

.47 

r a 

1928 

Nashkote F. 

1 

.11 

.33 

.65 

77 

60 

47 

r u 

1928 

Nashkote F. 

U 

.13 

.40 

.72 

.77 

.60 

i .47 

r u 

1928 

Nashkote F. 

2 

.19 

.52 

.76 

.78 

.60 

1 .47 

r « 

1928 

Nashkote F. 

3 

.34 

.53 

; .77 

.79 

.61 

.47 

r « 

1929 

Nashkote OMC, paint¬ 










ed with flat wall paint 










with Nash Blotting 










Pad Method . 

1 

,06£ 

> 21 

> .46 

\ .74 

.73 

1 .& 

) * 

1928 










210 


THE ABSORPTION OF SOUND 


Table XIV — ( Continued) 

ACOUSTICAL FELTS, WOOLS, AND GRANULATED MATERIALS 



Thick¬ 

ness, 

in. 


Sound-Absorption 

Coefficients 




Brand or Make 

128 

256 

512 

1024 

2048 

4096 

Authority 

Year 

Tested 



cycles per second 




Nashkote OMC, 
sprayed with two coats 
architectural lacquer 

1 

0 11 

0 31 

0 66 

0 74 

0 56 

0 50 

P. E. Sabine 

1928 

Penn Acoustic Felt.. . . 

i 

.07 

15 

31 

44 

.50 

40 

“ 

1930 

Pumice No. 2, 6-in. 
fill between 2 in. by 

6 in. studs, 16 in. o.c., 
backed with wood 
flooring . 

! 

42 

48 

53 

54 

53 

55 

V. O. Knud- 

sen 

1928 

Rock Wool, felted, 10 
to 12 lb. per cubic foot 

1 

26 

.45 

61 

72 

75 


u 

1928 

Rock Wool, as above 

2 

38 

54 

65 

76 

78 


u 

1928 

Rock Wool, granu¬ 
lated, 12 lb. per cubic 
foot, filled between 2 
in. by 4 in. wood studs 
16 in. o.c., covered 
with cheesecloth 

4 

.43 

53 

59 

69 

70 


it 

1928 

Rock Wool, packed be¬ 
tween 2 in. by 4 in. 
studs, finished with 
sheetrock, perforated 
with’ 1-in. holes 1J in. 
o.c., finished with 
B-068 Kribble Kloth.. 

4 

.34 

.56 

.76 

80 

56 

.43 

P. E. Sabine 

1929 

Rock Wool, granu¬ 
lated, 12 lb. per cubic 
foot, filled between 

2 in. by 6 in. wood 
studs, 16 in. o.c., cov¬ 
ered with cheesecloth. 

6 

50 

.58 

.63 

.68 

.69 

.68 

V. O. Knud- 

sen 

1929 

Rock Wool, packed to 

7 lb. per cubic foot, as 
above. 

6 

.47 

.53 

.60 

.62 

.58 

.56 

u 

1929 
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Table XIV — ( Continued ) 

ACOUSTICAL FELTS, WOOLS, AND GRANULATED MATERIALS 



Thick¬ 

ness, 

in. 

Sound-Absorption 
Coefficients 




Brand or Make 

128 

256 

512 : 

1024 5 

2048 1 

1096 

Authority , 

Year 

Tested 




cycles per second 




Rock Wool, two 1-in. 
layers separated by 
l}-in. air space 

32 

0 50 

0 63 

0 70 

0.81 

0.83 


V. O. Knud- 

sen 


Sanacoustic Holorib 
Roof Deck . 

3 



70 




Johns- 

Manville 

Before 

1931 

Sanacoustic Panels. . 

Silent-Ceal . . 

n 

29 

74 

82 

68 

.67 

.75 

64 

« 

Bureau of 
Standards 

a 

1930 

Slag Wool, 12 lb. per 
cubic foot, between 

2 in. by 4 in. studs, 
covered with cheese¬ 
cloth 

4 

48 

53 

58 

65 

70 


V. O. Knud- 

sen 


Spray o-Flake 

1 

24 

37 

46 

47 

.48 


a 

1929 

Sprayo-Flake. 

u 

27 

36 

.47 

49 

50 


u 

1929 

Sprayo-Flake, between 
wood studs, covered 
with J-in. mesh hard¬ 
ware cloth 

4 

38 

43 

57 

58 

55 

54 

u 

1929 

Sprayo-Flake, as above 

6 

44 

49 

59 

GO 

57 

54 

u 

1929 

Therminsul 

1 

20 

29 

46 

54 

55 

.59 

u 

1930 

Upson Blue Stripe In¬ 
sulation . 

i' 

.18 

.32 

50 

.46 

36 

.30 

a 

1930 

Westfelt, on 1-in. fur¬ 
ring strips. 

1 

.06 

.12 

.19 

40 

.43 

.44 

P. E. Sabine 

1929 

Westfelt, on 1-in. fur¬ 
ring strips. 

i 

.08 

.17 

.34 

.62 

55 

.52 

« 

1929 

Westfelt. 

1 

.09 

.22 

.48 

.64 

.55 

.52 

u 

Before 

1930 

Zonolite, granulated, 
loosely compacted be¬ 
tween 2 in. by 4 in. 
studs, backed with 
Masonite, covered 
with fly screen. 

41 

.34 

l .45 

.56 

l .57 

.56 

\ .56 

V. O. Knud- 

> sen 

1928 
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Table XV 

FIBRE AND WALL BOARDS, AND MATERIALS USED FOR 
SETS IN SOUND PICTURE STUDIOS 




Sound-Absorption Coefficients 



Brand or Make 

Thick¬ 

ness, 

in. 

! 

128 

256 

512 

1024 

2048 

4096 

Authority 

Year 

Tested 




cycles per second 




Absorbege . ... 

u 

0.38 

0.40 

0.45 

0.53 

0.66 

0.91 

Bureau of 

1931 

Acoustolic 


.44 

.24 

.31 

.44 

.48 


Standards 

« 

1930 

Acoustolic, tinted 
with water-soluble 
aniline color 



.29 

.28 

.41 



a 

1930 

Acoustolic, tinted 
with water-color 
paint 


.40 

.33 

.31 

.38 

.37 


a 

1930 

Arborite, low'-den- 
sity material, 
sanded surface 


.21 

.48 

.34 

.31 

.41 


u 

1930 

Arborite, regular 
material, sanded 
surface. 


.16 

.40 

.27 

.29 

.39 


u 

1930 

Balsa Wood. 

A 

.15 


.19 


.28 


V. O. Knud- 

1928 

Celotex, standard . 

A 

.16 

.20 

! 

1 

.24 

.22 

.23 

.22 

sen 

Average 

Before 

1930 

Celotex B’d, light 
density, loosely | 
felted, on wood studs 

1 

.29 ; 

.28 

.28 

.32 

.33 

.38 

V. O. Knud- 

sen 

1930 

Celotex Absorption 
Board, two iV-in. 
layers separated 
by i-in. by l}-m* 
furring strips, 18 
in. o.c. 

U 

.24 

.27 

.30 

.31 

.33 


« 

1928 

Cork Insulation 
Company Materi¬ 
al, beveled | in. 
on edge, one coat 
water-color paint.. 

H 

.09 

.09 

.35 

.26 

.28 

.36 

Electrical 

Research 

Products* 

1931 


* Sound-absorption coefficients from Electrical Research Products Labor* 
tories are for frequencies of 125, 250, 500, 1000, 2000, and 4000 cycles. 
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Table XV — ( Continued) 

FIBRE AND WALL BOARDS, AND MATERIALS USED FOR 
SETS IN SOUND PICTURE STUDIOS 




Sound-Absorption Coefficients 



Brand or Make 

Thick¬ 

ness, 

in. 

128 

256 

512 

1024 

2048 

4096 

Authority 

Year 

Tested 




cycles per second 




Fir-Tex, on 2 in. 
by 4 in. wood 
studs, 16 in. o.c. . 

i 

0.25 

0.26 

0.30 

0.29 

0.25 

0.39 

V. O. Knud- 

sen 

1930 

Fir-Tex, on 2 in. 
by 4 in. wood 
studs, 16 in. o.c. 

i 

.22 

.21 

.28 

.31 

.44 

.55 

u 

1931 

Fir-Tex, on 2 in. 
by 4 in. wood 
studs, 16 in. o.c. 

1 

.32 

.36 

.39 

.43 

.41 

.50 

u 

1 1930 

Fir-Tex . . 

1 


.32 

.37 

.42 

.58 


F. R. Watson 

1930 

Flax-li-num (flax 
fibre felted into 
semi-stiff board) 
nailed on 2 in. by 

4 in. wood studs, 
16 o.c. 

i 

.12 

.21 

.33 

.45 

.46 

.44 

Average 


FI ax-1 i-n urn, as 
above. 

2 

4 

.16 

.24 

.36 

.46 

.48 

.46 

a 


Flax-li-num, as 
above . 

1 

.15 

.30 

.55 

.60 

.58 

.54 

a 

Before 

1929 

Flax-li-num, two 
layers of 4 in. and 
one layer of 1 in. 
all separated by 
1-in. air spaces... 

• 

' 

4 

.32 

.36 

.44 

.45 

.50 


j 

V. O. Knud- 
sen 

1928 

Flax-li-num, in 
TMB Tile, on H 
in. by 2-in. fur¬ 
ring strips 16 in. 
o.c. 

4 

.11 

.19 

.58 

.68 

.69 


Bureau of 
Standards 

1930 

Flax-li-num, as 
above. 

l 

.17 

.34 

.61 

.72 

.68 


u 

1930 

Flax-li-num, as 
above. 

4 and 1 

.32 

.46 

.67 

.69 

.71 


Bureau of 
Standards 

1930 








214 


THE ABSORPTION OF SOUND 


Table XV — ( Continued) 

FIBRE AND WALL BOARDS, AND MATERIALS USED FOR 
SETS IN SOUND PICTURE STUDIOS 




Sound-Absorption Coefficients 



Brand or Make 

Thick¬ 

ness, 

in. 

128 

250 

512 

1024 

2048 

i 4096 

Authority 

Year 

Tested 




cycles per second 




Flax-li-num, as 
above. 

Two 1 

0.41 

0.59 

0.70 

0.72 

0.74 


Bureau of 
Standards 

1930 

Inso Board, against 
wood flooring . 

A 

.14 

.22 

.26 

.27 

.28 


V. O. Knud- 

sen 

1929 

Insulite, on 2 in. by 
4 in. studs, 16 in. 
o.c. 

§ 

.22 

.26 

.29 

.33 

.37 

.38 

Average 

Insulite, as above, 
painted with one 
coat Aztec Acous¬ 
tical Paint. 

1 

.18 

.23 

.26 

.27 

25 


V. O. Knud- 

sen 

1928 

Masonite, against 
concrete surface .. 

A 

.10 

.21 

.29 

.30 

.29 


u 

1928 

Masonite, on 2 in. 
by 4 in. studs, 16 
in. o.c. 

A 

.18 

.25 

.32 

.35 

.33 

.31 

Average 

Masonite, two lay¬ 
ers separated by 

1 in. by 2 in. fur¬ 
ring strips, 16 in. 
o.c. 

U 

.23 

.32 

.31 

.31 

.32 


V. O. Knud- 
sen 

1928 

Masonite, three 
layers, as above.. 

3A 

.31 

.35 

.32 

.31 

.34 


u 

1928 

Nu-Wood, two A- 
in. layers, sepa¬ 
rated by 1 in. by 

2 in. furring strips 
16 in. o.c. 

H 

.20 

.28 

.30 

.32 

.31 


u 

1929 

Weatherwood In¬ 
sulating Board, 
against concrete 
surface. 

A 

.16 

.20 

.29 

.32 

.31 

.30 

u 

1929 

Thermatex. 


.30 

.39 

.34 

.43 

.53 

,, 

Bureau of 

1930 









Standards 
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Table XV — ( Continued) 

FIBRE AND WALL BOARDS, AND MATERIALS USED FOR 
SETS IN SOUND PICTURE STUDIOS 




Sound-Absorption Coefficients 



Description 

Thick¬ 

ness, 

in. 

128 

256 

512 

1024 

HR 



Year 

Tested 




cycles per second 

i 



Set Materials 
Veneered flats, pa¬ 
pered with crepe 
paper . 


0.116 

0.109 

0.062 

0.081 

0.091 

0.121 

V. O. Knud- 

sen 

1930 

Veneered flats, as 
above, and hard 
wall paper over 
crepe paper. 


.104 

.101 

.061 

.071 

.071 

.071 

« 

1930 

Masonite, papered 
with crepe paper 

A 

.179 

.174 

.113 

.099 

.117 

.115 

u 

1930 

Masonite, as above, 
with one coat stu¬ 
dio flat paint 

A 

.1,58 

.169 

.109 

.090 

.073 

.073 

u 

1930 

Celotex, papered 
with crepe paper.. 

A 

.166 

.143 

.106 

.111 

.119 

.109 

u 

1930 

Celotex, as above, 
with one coat wa¬ 
ter paint. 

A 

.175 

.161 

.112 

.111 

.129 

.089 

u 

1930 

Cast plaster, ap¬ 
plied to burlap, 
one coat thin shel¬ 
lac . 

i to i 

.098 

.092 

.050 

.069 

.092 

.053 

u 

1930 

Cast stone, similar 
to above, except 
irregular surface . 


.241 

.233 

.102 

.146 

.153 

.093 

u 

1930 

Zonolite, brushed 
over burlap on 
chicken wire. 

A to J 

.376 

.370 

.252 

.230 

.245 

.221 

u 

1930 

Zonolite, troweled 
over burlap and 
chicken wire. 

i 

.197 

.145 

» .103 

; .078 

t .063 

.050 

\ u 

1930 
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Table XVI 

HANGINGS, FLOOR COVERINGS, AND MISCELLANEOUS MATERIALS 




Sound-Absorption Coefficients 



Description 

Thick¬ 

ness, 

in. 

128 

256 

512 

1024 

2048 

4096 

Authority 

Year 

Tested 




cycles per second 




Canvas, 6 in. from 








Building 


wall 

Carpets, lined.... 
Carpets, unlined .. 
Carpet, Amritza, 


| 

0.12 

0.25 

.25 

.15 

0.33 

0.15 

.40f 

.25f 

0.35 

Research 

Station 

W. C. Sabine 

u 

Building 


on concrete . 

Carpet, Cardinal 
Batala, on con- 

A 

.09 

.06 

.24 

.24 

.28 

.11 

Research 

Station 


crete 

Carpet, pile, on 

A 

.12 

.10 

! 

1 

.28 

.42 

.21 

.33 

« 


concrete. 

Carpet, pile, on 

i 

.09 


.21 

.26 

.27 

.37 

u 


i-in. felt 

Carpet, pile, on 
i-in. felt on i-in. 
polished cork on 

i 

.11 

.14 

.37 

.43 

.27 

.25 

u 


concrete. 

Carpet, pile, on 
J-in. felt on |-in. 
pine blocks on 

* 

.17 

.14 

.35 

.42 

.23 

.34 

a 


concrete. .. 
Carpet, rubber, on 

i 

.11 

.13 

.38 

.45 

.29 

.29 

u 


concrete 

Cocoa Matting 
Cork flooring slabs, 

A 


.04 

.08 

.17 

.12 

.03 

.30f 

.10 

u 

W. C. Sabine 
Building 


glued down. 

Cork flooring, like 
above, waxed and 

1 

.08 

.02 

.08 

.19 

.21 

.22 

Research 
Station' 


polished. 

\ 


.03 


.11 

.07 

.02 

« 


Cork tile. 

\ 





0.71 


V. O. Knud- 
sen 



f These coefficients are estimates made by the author. 
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Table XVI — ( Continued) 


HANGINGS, FLOOR COVERINGS, AND MISCELLANEOUS MATERIALS 




Sound-Absorption Coefficients 




Thick- 








Year 

Tested 

Description 

ness, 

128 

256 

512 

1024 

2048 

4096 

Authority 


in. 










cycles per second 



Cotton fabric, 14 


i 


m 






oz. per square 
yard, draped to 
half its area . .. 


■ 

0.31 

0.49 




P. E. Sabine 


Cotton fabric, like 










above, draped to 
three fourths its 










area. 

,, 

a 

.23 

.40 

.57 

.53 

.40 

a 


Cotton fabric, like 










above, draped to 
seven eighths its 










area. 

,, 

.03 

.12 

.15 

.27 

.37 

.42 

u 


Cretonne cloth 

,, 



.15 




W. C. Sabine 


Curtains, chenille 
Draperies, cotton 


KMi 


.23 

• 

.30| 


u 


fabric, 10 oz. per 
square yard, hung 
straight, in con¬ 
tact with wall .. 


M 

.04 

.11 

.17 

.24 

j 

.35 

P. E. Sabine 


Draperies, 14 oz. j 
per square yard, 
hung as above.. . 
Draperies, velour, 

•• 


.07 

.13 

.22 

.32 

.35 

« 


18 oz. per square 
yard, hung as 
above. 


'.05 

.12 

.35 

.45 

.38 

.36 

a 


Draperies, like 






above, hung 
straight, 4 in. 
from wall. 


.06 

.27 

.44 

.50 

.40 

.35 

a 


Draperies, like 







♦above, hung 
straight, 8 in. 
from wall. 



.29 

.44 

.50 

.40 

.35 

u 


Draperies, like 
above, draped to 






V. O. Knud- 




one half area. 


.14 

.35 

.55 

.72 

.70 

.65 

sen 



t These coefficients are estimates made by the author. 
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Table XVI — ( Continued) 

HANGINGS, FLOOR COVERINGS, AND MISCELLANEOUS MATERIALS 


Sound-Absorption Coefficients 


Description 

Thick¬ 

ness, 

128 

256 

512 

1024 

2048 

4096 

Authority 

Year 

Tested 


in. 










cycles per second 



Elastic Cotton, un- 






i 




der canvas and 
short nap plush . 


0.61 

0.62 

0.76 

0.91 


0.47 

W. C. Sabine 


Hair, under canvas 
and leatherette. . 
Hair, long, under 


.42 

.47 

.72 

.47 

.27 

.16 

u 


canvas and plush 


.36 

.41 

.67 

.62 

.51 

.34 

u 


Linoleum . . 


EH] 




ESI 


V. O. Knud- 










sen 


Openings, balcony. 
Openings, stage, 



.25 

to 

.80 



Average 


depending upon 
stage furnishings. 



.25 

to 




F. R. Watson 


Oregon pine floor- 








V. O. Knud- 


ing. 

Ozite, 0.167 lb. per 

\ 

.09 


.08 


.10 


sen 


square foot. 

Ozite, 0.266 lb. per 

\ 


.10 

.13 

.25 

.37 

.47 

P. E. Sabine 

1929 

square foot.. .. 
Ozite, 0.386 lb. per 

i 


.12 

.17 

.33 

.45 

.47 

u 

1929 

square foot. 

Ozite, 0.362 lb. per 

i 

.058 

.13 


.42 

.47 

.47 

u 

1929 

square foot. . 
Paintings, oil, in¬ 

i 


.19 

.285 

.51 


.47 

« 

1929 

cluding frames... 




.28 




W. C. Sabine 
Wente and 

Before 

Rug, Axminster .. 


.11 

.14 

.20 

.33 

.52 

.82 

Bedell 

1928 

Rug, Oriental ... 
Vegetable fibre, un¬ 

•• 



.29 




W. C. Sabine 


der canvas and 
cloth. 


.28 

.39 

.54 

.59 

.53 

.45 

u 


Ventilators, 50 per 




cent open. 




.50 




F. R. Watson 


Wood blocks, Gur- 





Building 


jan, laid in mastic 

i 


.04 




.15 

Research 









Station 


Wood blocks, pitch 
pine, laid in mastic 

i 

dl 





.22 

u 



f These coefficients are estimates made by the author. 
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Table XVII 

HARD PLASTERS, MASONRY, WOOD, AND OTHER STANDARD 
BUILDING MATERIALS 


Description 


Thick¬ 

ness, 

in. 


Brick wall, un¬ 
painted .. . 

Brick wall, painted 
Clay tile, burned 

Glass 

Interior stucco, 
smooth finish 
Marble 

Plaster, gypsum, 
on hollow tile 
Plaster, gypsum, 
scratch and brown 
coats on metal 
lath on wood studs| 
Plaster, gypsum, 
scratch and brow n 
coats on w’ood 
lath on wood studs! 
Plaster, gypsum, 
scratch, brown and] 
finish coats, on 
wood lath on wood 
studs 

Plaster, lime, sand 
finish, on metal 

lath. 

Plaster, lime, on 

wood lath. 

Plaster, lime, with 
finishing coat, on 
wood lath. 


18 

18 

1 


Sound-Absorption Coefficients 


128 

256 

512 

1024 

2048 

4096 

Authority 

cycles per second 

0.024 

3.025 

3.031 

3.042 

3.049 

3.07 

W. C. Sabine 

.012 

.013 

.017 

.02 

.023 

.025 

u 

f.015 


.028 


f.035 


V. O. Knud- 







sen 

f.035 


.027 


f.020 


W. C. Sabine 







V. O. Knud- 

f.03 


.04 


f.04 


sen 

t-01 


.01 


f.015 


F. R. Watson 

.013 

.015 

.020 

.028 

.040 

.050 

W. C. Sabine 

.020 

.026 

.040 

.062 

.058 

.028 

P. E. Sabine 

.016 

.032 

.039 

.050 

.030 

.028 

u 

.020 

.022 

.032 

.039 

.039 

.028 

a 







V. O. Knud- 

.038 

l .049 

.060 

.085 

» .043 

.056 

• sen 

.02C 

> .024 

1 .034 

t .030 

> .028 

l .042 

\ W. C. Sabine 

.015 

l .01c 

1 .018 

1 .04* 

> .028 

l .05* 

> 


t These coefficients are estimates made by the author. 
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Table XVII — ( Continued ) 

HARD PLASTERS, MASONRY, WOOD, AND OTHER STANDARD 
BUILDING MATERIALS 




Sound-Absorption Coefficients 


Description 

Thick¬ 

ness, 

in. 

128 

256 

512 

1024 

2048 

4096 

Authority 




cycles per second 



Plaster, lime, 
scratch and brown 
coats, on ' wood 
lath on wood studs 

i 

0.027 

0.046 

0.060 

0.085 

0.043 

0.056 

P. E. Sabine 

Plaster, as above, 
smooth finish 

3 

4 

.024 

.027 

.030 

.037 

.019 

.034 

W. C. Sabine 

Plaster, lime, 
scratch, brown 
and finish coats 
on wood lath on 
wood studs. . 


.024 

.046 

.060 

.085 

.043 

.056 

P. E. Sabine 

Poured concrete, 
unpainted. .. 


.010 

.012 

.016 

.019 

.023 

.035 

V. O. Knud- 

sen 

Poured concrete, 
painted and var¬ 
nished. . . 


.009 

.011 

.014 

.016 

.017 

.018 

u 

Teak panels, three- 
ply, 3 ft. by 2 ft. 

2 in., framed in 
wood, 1 in. from 
wall. 


.09 

.17 

.17 

.15 

.15 

.15 

Building 

Research 

Station 

Travertine, artifi¬ 
cial . 


.02 f 


.05 


.07 f 


V. O. Knud- 

sen 

Water, as in swim¬ 
ming pool. 


.008 

.008 

.013 

.015 

.020 

.025 

u 

Wood sheathing, 
pine. 

1 

.098 

.11 

.10 

.081 

.082 

.11 

' 

W. C. Sabine 

Wood, varnished... 


.05f 


.03 


.03 f 


F. R. Watson 


tThese coefficients are estimates made by the author. 
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Table XVIII 

COMBINATIONS OF ACOUSTICAL MATERIALS 


Description 

Total 

Thick¬ 

ness, 

in. 

Sound-Absorption Coefficients 



(The innermost 
material is named 
first, the exposed 

128 

256 

512 

1024 

2018 

409G 

Authority 

Year 

Tested 

material last) 


cycles per second 




Fibre building 
board, 1-in. air 
space, fibre build¬ 
ing board 

3 

0 25 

0.41 

0.75 

0.77 

0.71 

0.80 

Wente and 
Bedell 
(Tube 
Method) 

Before 

1928 

Fibre building 
board, 1-in. air 
space, fibre build¬ 
ing board, 1-in. 
air space, fibre 
building board. 

5 

.11 

.87 

.71 

SI 

.59 

.83 

« 

a 

Fibre building 
board, l-in. air 
space, l-in. felt, 
l-in. air space, 1- 
in. fibre building 
board. 

5 

.30 

.S3 

.82 

i .04 

.59 

.80 

u 

: 

« 

Hair felt, 1 in., 
fibre building 
board. 

2 

.IS 

.3(5 

.71 

.79 

.82 

.85 

j 

a 

a 

Hair felt, 1 in., 1- 
in. air space, fibre 
building boaid 

3 

.24 

.40 

.77 

.92 

.89 

.85 

u 

u 

Hair felt, 1 in., 2- 
in. air space, fibre 
building board . 

4 

.37 

.02 

.88 

.92 

.78 

.84 

u 

a 

Hair felt, 1 in., 1- 
in. air space, l-in. 
felt, l-in. air 
space, fibre build¬ 
ing board. 

5 

.39 

.82 

.94 

.92 

.91 

.85 

a 

u 

Hair felt, 1 in., 1- 
in. air space, l-in. 
building board, 1- 
in. air space, fibre 
building board.... 

5 

.37 

.79 

.91 

.82 

,S9 

.86 

u 

a 
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Table XVIII — (Continued) 
COMBINATIONS OF ACOUSTICAL MATERIALS 


Description 

Total 

Thick¬ 

ness, 

in. 

1 

Sound-Absorption Coefficients 



(The innermost 
material is named 
first, the exposed 

128 

256 

512 

1024 

2048 

4096 

Authority 

Year 

Tested 

material last) 


cycles per second 




Hair felt, 1-in. 
'fibre building 
board, 1-in. air 
space, fibre build¬ 
ing board, 1-in. 
air space, fibre 
building board . 

6 

0.55 

i 

0.92 

0.69 

0.83 

0.86 

0 86 

Wente and 
Bedell 

Before 

1928 

Hair felt, 2 in., no 
air space, fibre 
building board .. 

3 

.28 

.51 

.81 

.92 

.90 

.84 

« 

« 

Mineral wool, 1 $ 
in., covered with 
very porous acous¬ 
tical tile, i in. 
thick ... 

2 

.39 

.45 

.56 

.59 

.61 

.55 

V. O. Knud- 

sen 

1929 

Mineral wool, 2J 
in., 1-in. air space, 
lj-in. Sprayo- 
Flake. 

5 

.49 

.56 

.66 

.67 

.70 


M 

1929 

Rock wool, 1 in., 
covered with |-in. 
perforated acous¬ 
tical plaster. 

U 

.31 


.38 


.43 


U 

1928 

Rock wool, 1 | in., 
covered with i-in. 
perforated acous¬ 
tical plaster. 

2 

.28 

.37 

.40 

.38 

.39 

•• 

u 

1928 
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Table XIX 


AUDIENCE, INDIVIDUAL PERSONS, CHAIRS AND OTHER OBJECTS 


Sound-Absorption 

Coefficients 


Description 


128 256 512 1024 2048 4096 Authont y Tested 


cycles per second 


Audience, as ordinarily seat¬ 
ed, per unit area . . . . 0 72 0 89 0 95 0 99 1.00 1 00 W. C. Sabine 

Audience, mixed, seated in 


theatre chair, heavily up¬ 
holstered, per person. . 
Audience, mixed, seated in 
theatre chair, single pad¬ 
ding on back . 

Audience, mixed, seated in 
church pews .... 
Chairs, American Loge, full 
upholstered in mohair . 
Chair, box spring, pantasote 
seat and back, plywood on 
rear; seats up 

Chair, like above, except pan¬ 
el back of velour . . 

Chair, Chicago Civic Opera 
(special), fully upholstered 
in mohair; upholstered side 
panels in standards; seats up 
Chair, plywood seat, plywood 

back; seats up. 

Chair, spring edge mohair 
seat and back, plywood pan¬ 
el on rear; seat down. ... 
Chair, like above; seat up 
Chair, like above, with mo¬ 
hair covering the plywood 


3 9 4.7 


3 5 4 1 4 9 4.2 


2 7 3 3 3 8 3 6 


1 4 1 6 1 3 0 71 


17 16 17 2 1 


19 .24 .39 .38 


3 1 3 0 3.3 3 5 
2 8 2 8 3 0 3 2 


3.2 3 0 3.0 3 4 


Chair, like above, with thick 
completely covered seat and 
back; seat up. .. 3.3 3.5 3.73.8 


Bureau of Before 
Standards 1930 


F. R. Watson 
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Table XIX — ( Continued ) 

AUDIENCE, INDIVIDUAL PERSONS, CHAIRS AND OTHER OBJECTS 


Description 

Sound-Absorption 

Coefficients 

Authority 

Year 

Tested 

128 

i 

250 

512 

1024 

2048 

4096 


cycles per second 

Chair, spring edge, velour 









seat and hack, plywood on 









rear; seat down. . . 


3 1 

3 1 

3 4*1 

3 7 


F. R. Watson 


Chair, like above; seat up . 


2 7 

2 7 

3 0 

3 1 


u 


Chair, theatre, heavily uj>- 







Bureau of 

Before 

bolstered. . 


!» * 

3 0 

3 3 

3 0 


Standards 

1930 

Chair, theatre, single pad¬ 


i 







ding on hack 


3 0 

2 5 

!‘2 9 

3 l 


u 

u 

Person, adult 

1 8 


4 2 


3 5 


,V. (). Knudsen 

1928 

Person, adult, seated in 







Bureau of 

Before 

American Loge chair 



5 5 




Standards 

1930 

Person, child, high school 

10 


3 8 


5 0 


V. O. Knudsen 

1928 

Person, child, junior high 

1 








school 

1 5 


3 5 


4.G 


u 

u 

Person, child, grammar school 

1 3 


28 


3 8 


u 

u 

Person, man, without coat. 




| 





seated in open-hack cane 







Bureau of 

Before 

chair 

1 3 

i2 1 

1 1 

5 5 

7.4 


Standards 

1930 

Person, man, with coat, seated ! 








as above 

2 3 

3 2 

\ 8 

0 2 

7 6 


u 

u 

Person, woman, without coat, 









seated as above . 

.7 

1 3 

2 3 

3 G 

4 0 

i 

i 

u 

a 

Person, woman, with coat, 






1 



seated as above 

1 3 

2.4 

4 0 

5 8 

6 7 

! 


u 

u 
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83. Practical Considerations of Sound-Absorptive Materials. The 

foregoing tables give the absorption coefficients for a large number of 
materials from which the architect or engineer may choose those suit¬ 
able for the acoustical treatment of almost any type of building. In 
making a choice of absorptive materials there are a number of factors 
which must be considered besides the coefficients of sound-absorption. 
Good acoustics is only one of many qualities which should be secured in 



Fig. 102. Microphotograph of a section through Kalite Acoustical Plaster, magnified 
about five fold. 

every building. Thus, besides the absorptive characteristics of a ma¬ 
terial, it is necessary to consider such factors as the following: structural 
strength; decorative possibilities; adaptability to the surface available 
for, or requiring, absorptive treatment; maintenance; sanitation; ease 
of application; fire hazard; absorption of water; attraction for vermin; 
“ fool-proofness ”; durability; and cost. In general, each room requires 
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a certain number of units of sound-absorption, and in addition certain 
surfaces in some rooms require absorptive treatment. These two con¬ 
siderations usually limit the choice of absorbents to those materials hav¬ 
ing coefficients within certain specified limits. In most cases, however, 
there will be many materials having coefficients within these limits. 
This allows considerable freedom in the choice of materials which will 
provide the required amount of absorption and also meet the re- 



Fig. 103. Microphotograph of surface of Kalite Acoustical Plaster, showing the 
many pores which penetrate into the interior. Magnified four fold. 

quirements of appearance, durability, cost, and possibly other factors. 
The choice of the best acoustical materials for a certain room should be 
based upon careful consideration of all these acoustical, decorative, 
structural, and economic factors. In Part III there will be found numer¬ 
ous examples of buildings which have been designed for good acoustics, 
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and in which the selection of acoustical materials has been guided by all 
the factors just mentioned. The examples illustrate the adaptability 
of different acoustical materials to rooms of different type, and will illus¬ 
trate how many specific problems which arise in practice can be worked 
out satisfactorily. 

Architects and builders are often persuaded into an unfortunate 
choice of acoustical materials by reason of data furnished by certain, 
manufacturers’ representatives, which show that their particular product 



Fig. 104. Macoustic Plaster showing surface texture and markings for tile effect. 


is more absorptive than the material of a competitor. It is important 
therefore that the architect have an acquaintance with the structural 
and decorative properties of different acoustical materials, since he will 
then be in a better position to assess the relative merits of these materials. 
For this reason, it seems advisable at this point to give a brief description 
of the principal properties, and to discuss the advantages and disadvan¬ 
tages, of different types of acoustical materials. 

(a) Acoustical Plasters . Many acoustical plasters, in order to obtain 
great porosity, are made with small amounts of binding material, and 
consequently the tensile strength is often less than that required for 
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Fig. 105. Special textures obtainable in “Akoustolith.” 
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adequate structural bond. Under such circumstances, the plaster may 
dust or pop off the wall. 5 In making a choice of an acoustical plaster it 
is therefore desirable to consider its adhesive and cohesive properties, 
its resistance to abrasion, its ease of application, its texture, and its 
maintenance (such as cleaning and decorating), as well as its coefficients 
of sound-absorption. 

If it becomes necessary to use an acoustical plaster which will not 
withstand the wear and abrasion to which the walls near the floor will 
be subjected, it is a good plan to use a wainscot of harder material, as 



(a) (b) (c) 


Fig. 106. Microphotographs showing the effect on acoustical plaster of suction by 
the under coat, (a) shows the surface (magnified 10 fold) of an acoustical plaster 
applied over a hard wall under coat immediately after the under coat has taken its 
initial set. (6) shows the surface of the same kind of acoustical plaster applied 
after the under coat has dried for one day. (c) shows the surface of the same kind 
of acoustical plaster applied after the under coat has dried for four days. The dry 
under coat sucks out the excess water from the acoustical plaster, thus rendering 
it porous. (O. A. Malone.) 

wood or hard plaster. The wainscot should extend up to a height of 
about six feet above the floor. 

Since the absorption coefficients of acoustical plasters are dependent 
upon such factors as the surtion behind the plaster, the pressure applied 
to the trowel, and the manner of floating, texturing, or stippling the plas¬ 
ter, the plasterers should be instructed to exercise great care in applying 

6 The tensile strength of acoustical plaster should not be less than about 50 pounds 
per square inch. Recently, some acoustical plasters have been developed which have 
tensile strengths as high as 75 to 110 pounds per square inch. 
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and finishing the plaster. 6 It is a good plan to require the contractor to 
submit to the architect or acoustical engineer a small panel of the pro¬ 
posed plaster, applied and textured as contemplated for the building. 
After this specimen has been tested and approved by the architect or 
engineer, the plastering contractor should be required to apply the 



Fig. 107. Half size detail of Johns-Manville “Nashkote,” Type “B-045.” Acous¬ 
tical felt finished with perforated “Samtas.” 


plaster in the building in such a manner that it will duplicate the tested 
panel with respect to both porosity and texture. 7 

Unless these simple precautions are observed, the use of acoustical 
plaster may prove disappointing for the control of reverberation in 

• A large measure of the success or failure which attends the application of acousti¬ 
cal plaster depends upon the drying out of the plaster. The surface to which the 
acoustical plaster is applied must provide a high degree of suction. Accordingly, it 
is advisable to prepare scratch and brown coats which will draw the water from the 
acoustical plaster and thus prevent the formation of a non-porous film on the fin¬ 
ished surface of the acoustical plaster. It is also advisable to provide good drying 
conditions for the plaster, and to float or drag the surface of the plaster just before it 
takes its initial set. See Fig. 106. 

7 A suitable and simple method for testing both the specimen of plaster and the 
finished plaster is described in Sec. 72. 
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rooms. On the other hand, if these precautions are carefully followed, 
acoustical plasters which are now on the market will be found to be very 
well adapted to many types of building where the amount of surface 
available for treatment is sufficient to reduce the reverberation to the 
optimal time. The use of selected types of acoustical plaster already 



Fio. 108. Half size detail of Johns-Manville “Nashkote,” Type “C.” White-faced 
acoustical felt sized. Stenciled decorations applied directly to the surface of the 
felt. 

has proved highly satisfactory for the treatment of offices, school rooms, 
corridors, and many public buildings. It can be used in nearly every 
place where ordinary plaster ean be used, and without altering the archi¬ 
tectural effects which have been obtained in the past with the use of 
ordinary lime or gypsum plaster. Acoustical plaster is entirely fireproof, 
is an integral building material, and its cost installed is about one dollar 
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per square yard above the cost of ordinary plaster. Acoustical plaster 

ad visa hi 1Ve Th DCW U l lding material > and a certain amount of caution is 
advisable m the use of any new material, especially if it is not properly 

sponsored. The use of acoustical plaster for the control of soun*d in 
buddmgs is increasing at a rapid rate. As the product is improved and 
the correct manner of its application is more universally understood 
by plasterers its use will be extended to more and more buddings 
(b) Acoustical Tile. Perhaps the most outstanding feature of an 
acoustical tile is its “ built-in ” absorptive value. The tile is a factory- 



Fig. 109. Half size detail of Johns-Manville “Nashkote ” Tvr*» “APQ” a 

arrscer -= 


made product, and the degree of porosity, and therefore its absorption 

S? " Un l nT f nd Sta k ndard quantit y- This gives to acoustical 
tile a fool-proof feature which is highly important for the acoustical 

treatment of rooms. The amount of absorption added to a room by an 
acoustical tile is quite independent of the skill or lack of skill of the 
persons who install the material. 

Another merit possessed by acoustical tile is its relatively high absoro- 
tion. In a factory-made product it is possible to control such facton 
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as porosity, flexibility, and the punching or drilling of holes — factors 
which are paramount in determining the absorptivity of materials, and 
factors which may be difficult to control in certain types of plastic ma¬ 
terials. In addition, acoustical tiles can be given structural and deco¬ 
rative properties which are well adapted to the requirements for artistic 
interiors. 

Several acoustical tiles on the market, notably “ Acousti-Celotex ” 
and “ Sanacoustic Tile,” enjoy a unique advantage in that they can be 



Fig. 110. Close-up view of Johns-Manville “Nashtile,” showing surface texture. 

decorated with oil and lead, or with any other kind of paint, without 
impairing their high absorptivity. This is made possible by the mechan¬ 
ically made holes in the tile, which permit the sound waves to reach the 
interior of the tile and thus be absorbed by the viscous forces in the tiny 
pores of the material. Laboratory and field tests have shown that 
“ Sanacoustic Tile ” and “ Acousti-Celotex ” are as absorptive decorated 
with an oil and lead paint as they are unpainted. This imparts to these 
materials a high degree of surety against loss of absorption by decoration. 

Because of the highly absorptive value of acoustical tile, it is particu¬ 
larly well adapted to rooms requiring a low period of reverberation or 
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rooms in which a relatively small surface is available for acoustical treat¬ 
ment. Theatres which are used for talking pictures, radio broadcast 
studios, and studios for the recording of sound, all require a relatively 
low period of reverberation, and for this reason acoustical tiles having 



Fig. 111. “Trutone Acoustical Tile.” The material is made porous by the evolu¬ 
tion of gas within the plastic mixture while it takes its initial set. 


high coefficients of sound-absorption often are well adapted for the 
acoustical treatment of such rooms. 

The principal disadvantages of an acoustical tile are its limitations for 
architectural treatment, and its cost compared with other acoustical 
materials. It is quite impossible to conceal satisfactorily the joints be¬ 
tween adjacent pieces of tile, and for this reason acoustical tile is limited 
to treatments which give a tile or ashlar effect. However, by using 
tight joints in high ceilings, and by decorating the entire surface, it is 
possible to secure the appearance of a continuous or monolithic surface. 
But in rooms with low ceilings, the tile effect is noticeable with any type 
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Fia. 112. “Flax-li-num,” showing surface texture. 



Fia. 113. “Acousti-Celotex,” showing texture, perforations, and joints. Each 
tile is 1 foot square. 
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of decoration. For this reason, it is customary to make a beveled edge 
around the tile and thus emphasize rather than attempt to conceal its 
masonry effect. 

Most types of acoustical tile on the market are relatively costly. As 
a rule, the cost is between about thirty-five and seventy cents a square 
foot, installed. In comparing the cost of acoustical tile with other 
types of acoustical treatment it should be borne in mind that the cost 
per square foot should not be considered alone. For example, acoustical 



Fia. 114. “Acoustex,” showing surface texture. 


tiles often are two or three times more absorptive than acoustical plas¬ 
ters, and for this reason 1 square foot of acoustical tile may supply as 
much absorption to a room as will 2 or 3 square feet of acoustical plaster. 

(c) Acoustical Fibre Boards . Acoustical fibre boards provide a means 
of obtaining a rather large amount of absorption in a room at a relatively 
low cost. The material usually does not cost more than about six to 
eight cents a square foot, installed, and the absorption coefficient of the 
material is of the order of 0.25 to 0.30 at 512 cycles. In general, these 
fibre boards are not fireproof. They usually come in large boards, 4 feet 
wide, and 8, 10, or 12 feet long, so that it is generally necessary to apply 
such material in the form of panels, with suitable strips or ornaments 
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covering the joints. The use of these fibre boards also offers a difficulty 
in the matter of decoration. Oil and lead paints, and other non-porous 
paints, will close the surface pores of the material and hence destroy the 
absorptive value. On the other hand, thin dyes and stains, stencil 
designs with heavier paint, or dry paint dusted on with a pounce-bag 



Fia. 115. United States Gypsum Company’s “Aooustone Tile,” carved with a pen¬ 
knife. It reveals not only the texture of the tile, but shows the possibility of ob¬ 
taining low relief work with material of this type. 


can be used without impairing the acoustical value of the material. 
There is, however, the danger that a subsequent decoration with a non- 
porous paint may greatly impair the absorptive value of the fibre board. 
But, in spite of these limitations, acoustical fibre board is often a prac¬ 
tical material for the control of reverberation in buildings. There are 
many schools and industrial jobs, where cost is an important considera¬ 
tion, in which these fibre boards may be used to advantage. 
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(i d ) Acoustical Felts. Acoustical felts have been used extensively in 
the past for the control of reverberation in rooms. A large portion of 
the early correction work which was done under the supervision of 
Wallace C. Sabine, and many of his successors, was accomplished with 
hair felt covered with a suitable membrane. Acoustical felts are usually 
covered with a cloth membrane or with a plastic membrane consisting 
of flexible or porous paint. The Johns-Manville Corporation has devel¬ 
oped a number of acoustical felts which are covered with a dyed muslin, 
a perforated “ Sanitas,” or with “ Nashkote,” a special preparation which 
preserves or even enhances the absorptive value of the felt. When hair 
felt is covered with a coarse mesh cloth, such as cider press cloth, the 
cloth may be decorated with oil and lead without impairing the acousti¬ 
cal value of the felt, since the mesh of the cloth is so coarse that the paint 
does not close over the individual meshes. The decorative effects which 
can be executed on such a membrane are comparable with those which 
can be obtained by painting on canvas. This type of treatment has 
been used successfully, and with good artistic effects, in many rooms 
having curved surfaces. It gives a highly absorptive surface — the 
coefficient being of the order of 0.60 to 0.80 at 512 cycles. The felt 
treatment covered with the perforated “ Sanitas ” has the advantage 
that the “ Sanitas ” surface can be cleaned. The principal advantage 
of the “ Nashkote ” treatment lies in the nature of the surface which 
can be obtained with its use. A textured surface, resembling a plaster 
or tile surface, can be obtained without sacrificing the absorptive value 
of the felt. This type of treatment should be handled only by persons 
who are competent to apply the plastic membrane in such a manner 
as will preserve the porous and flexible structure of the felt. 

(e) Other Types of Acoustical Treatment. In many instances it may 
be advantageous to use two or more different acoustical materials in the 
same room. For example, the reverberation may be reduced suitably 
in a large auditorium by treating portions of the ceiling with a very 
absorptive acoustical tile or felt, and by treating the walls with a less 
absorptive material, as acoustical plaster. Such a combination in the 
use of acoustical materials has proved very satisfactory in several large 
auditoriums, as in the B'Nai B'Rith Temple in Los Angeles. (See 
Sec. 170.) 

For the acoustical treatment of sound-recording studios, such as are 
used by the motion-picture industry, it is often feasible to use thick 
mineral wool for the treatment of the walls and ceilings. Loose, granu¬ 
lated wool, placed between 2 inch by 4 inch wood studs, and covered 
with cheesecloth and hardware cloth, provides a type of absorption 
which is uniformly high throughout the entire range of frequencies used 
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in speech and music. This type of absorption, when properly used 
(see Sec. 195), provides very good conditions for the recording of either 
speech or music. The use of thin absorptive materials in such rooms is 
not feasible, since the high-frequency components of speech or music 
are absorbed four or five times as much by such materials as are the low- 
frequency components. In the available equipment for the recording 
and reproducing of sound there are inherent limitations which tend to 
under-emphasize the high-frequency components. Under such cir¬ 
cumstances, it would be a mistake to use materials which over-absorb 
the high-frequency components and leave unabsorbed the low-frequency 
ones. 

84. Summary of Absorption Coefficients and Other Physical Proper¬ 
ties of Acoustical Materials. In Table XX are summarized a number 
of pertinent data relative to the absorptive and other physical properties 
of materials which have become fairly well established and recognized 
for their dependability. The absorption coefficients are given for three 
frequencies only—128, 512, and 2048 cycles — the three frequencies 
which should be used routinely in calculating for acoustics. The 
name of the manufacturer, composition, sizes and thickness (in cases of 
tiles, felts, et cetera), weight, structural strength, method of decoration, 
heat insulation, light reflection, and special comments are given for 
each material. 8 The materials have been listed in alphabetical order. 

8 Data on many of the materials listed in the table were not available. It is also 
probable that the author has omitted from this table materials which, because of their 
merit or promise, should have been included. Such omissions, he hopes, will be par¬ 
doned in view of the many and varied developments of new acoustical mater ials. 
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Table 

PHYSICAL PROPERTIES 


Material 

Sound- 

Absorption 

Coefficients 

Weight 

Composition 

Thicknesses 

Stock 

Sizes 

128 512 2048 

Acoustex 60, 1' 

0 16 0 37 0 65 

Approxi¬ 
mately 2 lb. 
per sq. ft. 

A pre-cast tile of 
cement and wood 
fibre, compressed 
and baked 

r, 1|* 

6*X12* 
12'xl2* 
12*x24* 
24'x24* 
Sheets 2' 
w’ide up to 

8' long 

Acoustex 60, 1', spray 
painted 

16 51 72 

Acoustex 70, 1$ ' 

14 68 63 

Approxi¬ 
mately 3 11) 
per sq ft. 

Acoustex 70, 1$ *, 
spray painted 

22 59 73 

Acousti-Celotex, 

Single B, i' 

11 45 68 

13 oz per 

sq ft 

Cane fibre tile per¬ 
forated with 441 
holes per sq ft. 

r.HMi' 

b'x 12* 

12*X12* 

12*x24* 

Acousti -Celotcx, 
Double B, 

17 57 69 

15 oz. per 
sq. ft. 

Acousti-Celotex, 

Triple B. If 

20 75 67 

1 lb., 3 oz 

per sci ft. 

Acoustic Flexfelt 

.27 56 68 


Rock wool felted 
between metal net¬ 
ting and stucco lath 

Required 

thickness 

4'x4' 

4'X8' 

Acoustico Plaster 

17 28 64 

83 lb. per 
cu. ft., dry 

Dolomitic lime 
with sound-absorb¬ 
ing aggregate 

I'tol' 
over ordi¬ 
nary brow’n 
coat 


Aooustite Plastic, 

15 38 35 

20 lb. per 
cu. ft., bulk 

Made of processed 
mineral w'ool pellets 
with inorganic 
binder 

Recom¬ 
mended 
thickness 
of applica¬ 
tion, 


Acoustone, \ * 

48 .59 

li lb. per 
sq. ft. 

Artificial stone 
filaments bonded 
together in tile form 
in a large variety of 
shapes and colors 

*\*M' 

6*xe* 
6*X12* 
12*Xl2* 
9*Xl8* 
Special sizes 
up to 24'x 

36* available 

Aooustone, }' 

.62 70 

1) lb. per 
sq. ft. 

Acoustone, 1* 

.66 .69 

1} lb. per 
sq. ft. 
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XX 

OF ABSORPTIVE MATERIALS 


Tensile 

Strength 

lleat 
Conduc¬ 
tivity in 
B.T.U. 
per in. 

Light Reflection 
Coefficients 

Recommended 
Methods of 
Decoration 

Comments 

Name of 
Manufacturer 

Satisfac¬ 

tory 

0 76 

0 68 

Spray painted 

Fire resistant 

Housing Company 
Boston, Massachu¬ 
setts 

Wry high 

32 

0.65 to .78 with 
white or light 
cream interior 
paints 

Decorated with 
any type of paint 
including lead and 
oil 

Installed by ce¬ 
menting and nail¬ 
ing. Can be 
painted many 
times without loss 
of absorption 

The Celotex Com¬ 
pany, Chicago, 
Illinois 




No decoration re¬ 
quired for most 
uses. Can be cov¬ 
ered with a porous 
fabric, as Monks 
cloth 

Fire and vermin 
proof 

General Insulat¬ 
ing and Manufac¬ 
turing Company, 
Alexandria, 

Indiana 



0 76 

Integrally mixed 
color or thin sprays 


Ohio Hydrate 
and Supply Com¬ 
pany, Woodville, 
Ohio 


.30 at 
90° 

Depends on 
color 

Color intermixed, 
or spirit dyes 

Not changed by 
contact with car¬ 
bon dioxide. 
Non-fading colors. 
Non-combustible, 
inorganic, vermin- 
proof, nothing to 
deteriorate 

Coast Insulating 
Company, Tor¬ 
rance, California 

Satisfac¬ 

tory 

| 

Std. white, 0.63. 
Std. tile up to 
0.80 

Integrally colored 
in pastel shades. 
May be stained 
with thin paint 

Looks like nat¬ 
ural stone. Fire¬ 
proof. Tile may 
be vacuum cleaned 

United States 
Gypsum Company 
Chicago, Illinois 
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Table XX 
PHYSICAL PROPERTIES 


Material 

Sound- 

Absorption 

Coefficients 

Weight 

Composition 

Thicknesses 

Stock 

Sizes 

128 512 2048 

Akoustolith Plaster 

r 

0.21 0 29 0 37 


Light weight plas¬ 
tic material 

Applied 1' 
m thickness 
over usual 
ground coats 


Akoustolith Plaster, 

1' float finish 

17 27 38 

Akoustolith A, Tile, 

1* 

14 48 83 

About 4 lb 
per sq ft. 

Artificial stone 

1 

1 *, n * o' 

3'xl6' 

4'x8* 

5'x 10" 

12'X 12' 

8"X 16' 
for 1' thick¬ 
ness Can 
be made in 
any size up 
to 15'x30', 

U'. 2' 

Akoustolith B, Tile, 

r 

10 28 73 

Akoustolith C, Tile, 

ir 

12 44 66 

Akoustolith D, Tile, 

2' 

1." 59 52 

Alltite Basket Tile 

38 69 81 

2$ lb per 
sq ft. 

Wire baskets filled 
with 1J r la>er of 
stone wool. Either 
plywood or sheet 
metal back 

ir 

24'x24' 

Auditec, De Luxe, |' 

10 45 58 

60 oz. per 
yd. 

Jute pad, needled 
to sized cotton De 
Luxe facing 

Standard, 
De Luxe, 

s • 

* 

Panels of 
any size 

Balsam Wool, 1 ' 

15 52 66 

320 lb. per 
1000 sq. ft. 

Balsam wool mat 
covered one side 
with a Kraft paper 
liner, other side 
with fireproof cloth 
mesh 

r 

Packed in 
rolls 34* 
wide, con¬ 
taining 124 
sq. ft. 

Blue Diamond Acous- 
ticoat, i ' over hard- 
wall on metal lath 

29 36 75 

41 lb. per 
cu. ft., dry. 

40 lb. per 
cu. ft., set on 
wall 

Plaster composed 
of pumice, gypsum, 
fibre, and special 
chemicals 



Blue Diamond Acous- 
ticoat, 1 0 over hard- 
wall on metal lath 

38 .60 .70 
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— ( Continued ) 

OF ABSORPTIVE MATERIALS 


Tensile 

Strength 

Heat 
Conduc¬ 
tivity in 
B.T.U. 

per in. 

Light Reflection 
Coefficients 

Recommended 
Methods of 
Decoration 

Comments 

Name of 
Manufacturer 

Satisfac¬ 

tory 


Depends on 
color 

Mortar colors 
added by plas¬ 
terer, or tinted 
after installation 

Can be washed 
with soap and 
water. Properly 
mixed, 100 sq. yd 
per ton, 4 * thick. 
Not recommended 
for other than plain 
surfaces 

R. Guastavino 
Company, Boston, 
Massachusetts 

Satisfac¬ 

tory 


Natural, 0 56 
Depends on 
color 

Pre-colored Re¬ 
sembles natural 
stones ranging 
from gray w hite 
through bufT, and 
brown, and 
other natural 
stone colors 

Fine granular 
surface. Non¬ 
combustible 
masonry. Can be 
water washed 

R Guastavino 
Company, Boston, 
Massachusetts 

Sat lsfac- 
tory 

23 

Depends on 
color 

Spraj ed or 
stained with thin 
d>es or lacquers 

Has special in¬ 
terlocking back. 
Can be upplicd to 
old or new surface 
May be applied 
directly to metal 
channels on furred 
down ceilings 

Coast I nsulat- 
ing Company 
Torrance, Cali¬ 
fornia 

Satisfac¬ 

tory 


Depends on 
color 

Decorated or 
stenciled at fac¬ 
tory with aniline 
colors 

Low cost acous¬ 
tical treatment. 
Chemically treat¬ 
ed to prevent car¬ 
rying flame 

National Rug 
Mills, Milwaukee, 
Wisconsin 



0.42 as fur¬ 
nished. Varies 
with color 

Decorative cloth 
membrane 

Applied directly 
to walls or ceiling, 
between 14 * fur¬ 
ring strips 34' o.c. 
Wool chemically 
treated to make 
fire resistant 

Wood Conversion 
Company, Chicago 
Illinois 

05 lb. per 
sq. in. 


Depends on 
color 

Integrally colored 
or lacquer sprayed 

Good plasticity 

67 per cent voids 

Blue Diamond 
Company, Los 
Angeles, California 
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Table XX 

PHYSICAL PROPERTIES 


Material 

Sound- 

Absorption 

Coefficients 

Weight 

Composition 

Thicknesses 

Stock 

Sizes 


128 512 2048 





Calioel, 1' 

0 23 0 72 0 71 

21 lb. per 
sq. ft. 

Cellular silicate of 
lime and alumina, 
expanded from 20 
to 40 volumes. Re¬ 
fractory bonding 
agent. Moulded 
under high pressure 

y, r, lj' 

12'xl2* 
16'xl6' 
6'xl2' 
9'Xl8' 
Cither sizes 
obtainable 

Felt, Akoustikos 1 ' 

15 54 73 

About 1 lb. 
per sq. ft. 

Punched felt of goat 
hair and asbestos 
fibre 

r, r. r 


Fir-Tex. 1* 

32 .39 41 

1.2 lb. per 
sq. ft. 

Mudefrorn Douglas 
Fir. Contains 
about 10 per cent of 
bark. 0.1 per cent 
resin for fibre water¬ 
proofing set upon 
fibre by 0 1 per cent 
alum solution giv¬ 
ing considerable 
fireproofing 

r, ij' 

12'X12' 

Flax-Ii-num, 1' 

15 55 58 

1 15 lb. per 
sq. ft. 

Manufactured from 
the long tough 
fibres of the flax 
plant 

r.iM’i' 

Specially 
cut dimen¬ 
sions up to 

maximum 

of 48'Xl0' 

Halioo Planter, 
stippled 

16 25 44 



y in two 
or more lay¬ 
ers over 

scratch, 
or scratch 
and brown 
coats 


Insulite Acoustile, 
Type 37 

21 38 46 

750 lb. per 
1000 sq. ft. 

Wood fibre fabrica¬ 
ted into tiles 

V 

Sizes 

range from 
6'x6* up to 
24'x24' 

Insulite Acoustile, 
Type 44 

.26 50 .61 

1400 lb. per 
1000 sq. ft. 


ir 
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— ( Continued) 

OF ABSORPTIVE MATERIALS 


Tensile 

Strength 

Heat 
Conduc¬ 
tivity in 
B.T.U. 
per in. 

Light Reflection 
Coefficients 

Recommended 
Methods of 
Decoration 

Comments 

Name of 
Manufacturer 


0 53 

Natural light, 
.54 

Ivory washable 
lacquer, .68 

Can be brushed 
or sprayed with 
thin oil or flat 
paints and lac¬ 
quers. Additional 
coats do not ap¬ 
preciably alter 
absorption 

Appearance of tile 
not affected by 
water or flame. 

Can be cleaned 
by vacuuming or 
wiping with wall 
paper cleaner 

General Insu¬ 
lating Company, 
Hammond, Indi¬ 
ana 


Low 

Depends on 
membrane 

Decorative cloth 
membrane 


Johns-Manville 
Corporation, New 
York City 

90 to 190 
lb. per 
sq. in. 

.28 to 

31 

Natural color 
is brow n 

Can be stained 
or decorated with 
acoustical paints 


Fir-Tex Insulat¬ 
ing Board Com¬ 
pany, St. Helens, 
Oregon 


.31 

Depends on 
color 

Decorating not 
recommended, al¬ 
though can be 
done w ith kalso- 
mine or special 
acoustical paint 

low in cellulose 
composition, high 
in fibrous. Very 
small expansion 
or contraction 
with moisture 
changes 

Flax-li-nuin In¬ 
sulating Company, 
St. Paul, Minne¬ 
sota 

25 to 45 
lb. per sq. 
in. 



Integrally col¬ 
ored. Stencil or 
border designs 
with thin point 

Best acoustical 
results obtained 
by stippling with 
rice root brushes 

Hachmeister- 
Lind Company, 
Pittsburgh, Penn¬ 
sylvania 

150 to 200 
lb. per sq. 
in. 

30 

.64 

Bencol and alco¬ 
hol stains and 
thin water paints 

Can be furnished 
in practically any 
desired siie or 
shapo 

Insulite Com¬ 
pany, Minneapolis, 
Minnesota 
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Table XX 

PHYSICAL PROPERTIES 


Material 

Sound- 

Absorption 

Coefficients 

Weight 

Composition 

Thicknesses 

Stock 

Sizes 

128 512 2048 

KaliteNo. 102, V, on 
metal lath 


About one 
half of ordi¬ 
nary plaster 

Made of graded 
sizes of a special 
pumice mixed with 
a gypsum binder. 

The inherent po¬ 
rosity of the pum¬ 
ice together with 
the method of mix¬ 
ing gives a plaster 
with many commu¬ 
nicating channels 
Calcined gypsum 
(CaS0 4 .JHtO), 

34.85 per cent; pum¬ 
ice 60.33 per cent 

Can be ap¬ 
plied in 
thicknesses 

of r,r. 1 * 


Kalite, V 

41 51 59 


Kalite, with three 

ooats lacquer 

35 43 45 

Maooustic Plaster, 
stippled to depth of 1 * 


2 lb. per 
sq. ft. 

A fibrous plaster 

Applied } r 


Macoustic Plaster, 
float finish 

09 19 26 

Malone Plaster, §*, 

1' wall board back¬ 
ing. “Left under 
the rod “ 

15 27 28 

37 lb. per 
cu. ft 

Composed of lime, 
Keene’s cement, 
and a pumice gravel. 
Should be applied to 
dry undercoating 
in order to develop 
maximal absorp¬ 
tivity 



Malone Plaster, 1 
over special scratch 
coat on metal lath 

39 50 56 

Masonite 

.18 32 33 

700 lb. per 
1000 sq. ft. 

Made chiefly of 
longleaf pine and 
southern gum 


4'xl2' 

Nashkote A, Perfor¬ 
ated, 1' 

Nashkote B-322, 1* 

12 68 66 

.15 59 77 


Akoustikos felt ce¬ 
mented to surface 
to be treated, cov¬ 
ered with a mem¬ 
brane secured by 
Acoustical Size. 
Membrane is painted 
muslin (Types A, 
AIS, ACS); Kribble 
Kloth (Types B-332, 
B-085, B-068, B-045); 
awning cloth, bur¬ 
lap* etc. (Type F); or 
no membrane and sur¬ 
face sized (Type C). 

TypeC, 
1M’; Type 

F.r.r.r. 

ir.ir.8-; 

Types A, 
AIS, ACS, 
and all B- 

types, r. r. 

V 

No limita¬ 
tion to size 
of units 
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OF ABSORPTIVE MATERIALS 


Tensile 

Strength 

Heat 
Conduc¬ 
tivity in 
B.T.U. 

per in. 

Light Reflection 
Coefficients 

Recommended 
Methods of 
Decoration 

Comments 

Name cl 
Manufacturer 

60 to 75 
.lb per 
sq. in. 


Depends on 
color 

May be colored 
or tinted by in¬ 
tegral mixing or 
can be sprayed or 
hand-painted with 
non-bridging lac¬ 
quers 

Supplied in three 
grades (1) regu¬ 
lar, with smooth 
trowel finish; (2) 
No. 102, with egg¬ 
shell finish; (3) 
Kaiite hydraulic, 
a Portland cement 
plaster for use in 
swimming pools, 
etc. Plaster not 
affected by wash¬ 
ing 

Kalitc Company, 
Ltd., Pasadena, 
California 

110 lb. 
per sq. in. 


White, .65 

Light cream, .58 
Ivory, .56 

Buff, .54 

Spray painting 
\\ ith water colors 

110 yd. per ton 
coverage 

Maooustic Engi¬ 
neering Company, 
Inc., Cleveland, 
Ohio 

50 to 100 
lb. per sq 
in. 

1 

Depends on 
color 

Natural color, 
light cream tone. 
Integrally mixed 
pastel shades. 

May be decorated 
by thin stains 

Slow setting 
properties give 
ample time for 
plaster joinings; 
also add to work¬ 
ability 

Malone Stucco 
Products Company 
Los Angeles, 
California 

225 lb. 
per sq. 
in. 

33 

Depends on 
color 

*‘ Masonite 
Acoustical White” 
stippled on with 
a sponge. May 
be stenciled 


Masonite Cor¬ 
poration, Chicago, 
Illinois 




Types A, A IS, 
ACS may be 
painted and per¬ 
forated. B- types 
may be painted. 
Type C should be 
spray painted 

Type A resembles 
smooth plaster; 
Type AIS, rough 
plaster; Type ACS, 
Caen Stone; Nu-j 
merals in B- types 
refer to sise of per¬ 
forations. Type F 
must be dry or 
vacuum cleaned; 
all other types 
washable. Fire 
resistant. 

Johns-Manville 
Corporation, New 
York 
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Table XX 
PHYSICAL PROPERTIES 


Sound- 

Absorption 

Coefficients 


Composition 


128 512 2048 


Nephi Super-Acous- 41.81b. per Combination of Usually 

tic Plaster, J', on cu. ft., bulk fibrous and porous applied to 

metal lath 0 16 0 43 0 49 47 lb. per cu aggregates thickness 

ft., dry set of i* 


Eeverbolite Plaster 


24 lb. per cu Fibrous material, 
ft , dry. small pellets of rock 
44 lb. per cu wool, and gypsum 
ft , set and base 
dried (on 
job) 


Rockoustile, 1' 


18 57 72 1.5 lb. per 

sq. ft. 


Hock wool product 


Sabinite, No. 38, for 
swimming pools 


I 2 to 3 lb per 
sq. ft 


Gypsum base plas¬ 
ter No stippling 
or special art in ap¬ 
plication required. 
No. 38 is a special 
humidity resisting 
material, utilizing 
a hydraulic binder, 
for the acoustical 
treatment of nata- 
toria and similar 
humid rooms 


Applied in 
two coats, 
about 


B&nacoustic Tile 


19 .79 .74 21b. per sq. Perforated sheet 

ft. (alumi- metal tiles finished 
nuro) 2.5 lb. in baked enamel, 
per sq. ft. containing special 

(steel) rock wool element 



SUMMARY OF ABSORPTION COEFFICIENTS 


249 


— ( Continued ,) 

OF ABSORPTIVE MATERIALS 


Tensile 

Strength 

Heat 
Conduc¬ 
tivity in 
B.T.U. 
per in. 

Light Reflection 
Coefficients 

Recommended 
Methods of 
Decoration 

Comments 

Name of 
Manufacturer 

108 lb. 
per sq. 
in. 


.27 to .62 de¬ 
pending on color 

Integrally col¬ 
ored. Muy be 
stenciled or spray 
tinted. Supplied 
in seven stock 
colors 

Highly resistant 
to mechanical 
abrasion. May 
be stiff brushed 
for cleansing, or 
washed with soap 
and water 

Nephi Plaster 
Manufacturing 
Company, Salt 

Lake City, Utah 

581b. 
per sq. 

in. 

.76 to 
.80 

Depends on 
color 

Furnished in col¬ 
or or natural. 

Can be sprayed 
with dye colors or 
cold water paint 
manufactured by 
American Gypsum 
Company. May be 
stained with ani¬ 
line or water dyes 

Can be textured. 
May be cast and 
applied for orna¬ 
mental effects. 

Fire resistant. 

American Gyp¬ 
sum Company, 

Port Clinton, 

Ohio 



Depends on 
color 

Furnished in two 
colors, buff or 
gray 

Resembles Tra¬ 
vertine. Can be 
vacuum cleaned 
or sandpapered 

Johns-Manville 
Corporation, New 
York City 



Natural white, 
.65 

Supplied in color 
May be spray 
painted with hal- 
soimnc or thin 
lacquer; or brush 
painted with 
Acoustical Tex- 

tone 

Fireproof, deco¬ 
rative, easy to 
apply. No. 38 re¬ 
quires special base 
coat; will not dis¬ 
integrate or be 
otherwise affected 
in humid rooms 

United States 
Gypsum Com¬ 
pany , Chicago* 
Illinois 

Satisfac¬ 

tory 



Can be decorated 
with any type of 
paint. Furnished 
pre-decorated in 
various colored 
designs in 16 "X 

16' siao only 

Tile of perforated 
steel, or perforated 
aluminum for use 
under damp and 
humid conditions. 
Fireproof. Wash¬ 
able. Individual 
units snap into 
special metAl T 
bars secured to 
surface to be treat¬ 
ed 

Johns-Manville 

Corporation, 

New York City 
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Table XX 

PHYSICAL PROPERTIES 


Material 

Sound- 

Absorption 

Coefficients 

128 512 2048 

Weight 

Composition 

Thicknesses 

Stock 

Sizes 

Silent-Ceal 

0 29 0 68 0 75 

3 lb. per sq. 
ft. 

Rock wool fill, 
special metal fur¬ 
ring; No. 20 gauge 
perforated metal pri¬ 
mary membrane, 
fabric secondary 
membrane 

Determined 
by require¬ 
ments of 
job 


Stucoustic Plaster 

18 24 26 

35 lb. per 
cu ft. 

Keene’s cement 
and dolomitic lime 
base with pumice 
aggregate plus other 
materials for work¬ 
ability and plas¬ 
ticity 

Any thick¬ 
ness desired 


Transite Tile, 1 r 

19 81 72 

3 lb. per sq 
ft 

1* sound-absorbing 
block faced w ith 
perforated Transite, 
A'. asbestos paper 

UV 

6'x6 r 

12'xl2' 

Trutone Tile 

31 57 64 


Precast porous 
gypsum tilo with 
i' plaster board 
backing 

ir 

12'Xl2 r 
and larger 
as req uired 
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— ( Continued ) 

OF ABSORPTIVE MATERIALS 


Tensile 

Strength 

Heat 
Conduc¬ 
tivity in 
B.T.U. 
per in. 

Light Reflection 
Coefficients 

Recommended 
Methods of 
Decoration 

Comments 

Name of 
Manufacturer 

Satisfac¬ 

tory 


78 

Special sponge 
stipple paint 

Complete ceiling 
construction; rock 
wool fill may be 
zoned to give more 
absorption at one 
place than another 

Acoustical Cor¬ 
poration of 
America, Phila¬ 
delphia, Pennsyl¬ 
vania 

Satisfac¬ 

tory 


Depends on 
color 

Thin dyes or 
sprays 

Good workability 

California 

Stucco Products 
Company, Los 
Angeles, Cali¬ 
fornia 

Satisfac¬ 

tory 


Depends on 
color 

Furnished in 
three colors nat¬ 
ural variegated 
gray, natural vari¬ 
egated buff and 
cream white enam¬ 
el 

Washable 

Johns-Manville 
Corporation, New 
York City 

Satisfac¬ 

tory 


Depends on 
color 

Furnished in any 
solid color inte¬ 
grally mixed. 

May be stenciled 
with water color 
paints or colors 
mixed with non- 
bridging lacquer 

May be cast in 
ornamental forms. 
Fibrous. Inor¬ 
ganic. Washable. 
Furnished with 
beveled or straight 
edges 

Acoustone Com¬ 
pany, Ltd., Los 
Angeles, Cali¬ 
fornia 


CHAPTER IX 


INSULATION OF SOUND —NOISE IN BUILDINGS 
AND OUT-OF-DOORS 

86. Introductory. Freedom from the harassing effects of noise is 
one of the finest qualities a building can possess. Now, more than ever 
before, the architect is obliged to seek, by every possible means, for those 
types of construction which will impart to his buildings exceptionally 
quiet living or working conditions. An intelligent approach to the prob¬ 
lem of constructing buildings which will be free from the disturbance of 
noises originating either inside or outside of the building must be based 
upon a knowledge of the intensity and frequency characteristics of these 
noises. In some instances it is feasible to make measurements of the noise 
near the site or within the building before designing the type of structure 
which will insulate adequately these inherent noises. In most instances, 
however, it is sufficient to be familiar with the results of noise surveys 
which have been made in metropolitan cities, both in buildings and 
out-of-doors. 

During recent years, both acoustical engineers and civic authorities 
have given considerable attention to the questions of noise surveys and 
noise abatement. The city of New York has taken the lead in this mat¬ 
ter, and has recently published a volume which gives an account of some 
comprehensive surveys of noises in New York City, together with many 
technical proposals for the abatement of noise. 1 The data obtained 
from these surveys, and published in “ City Noise,” give the intensity 
and frequency distribution of most kinds of noise in typical parts of 
metropolitan New York. Every architect and acoustical engineer 
should be acquainted with these data, for they reveal very clearly the 
degree of sound-insulation which must be built into various buildings if 
these buildings are to provide adequate protection against the insidious 
noises of the machine age.- It is true that some alleviation from these 
noises will come from efforts to reduce them at their sources, but there 
will always be a certain unavoidable level of noise, and the architect is 
obliged to provide insulation against this level. 

In the design of theatres or metropolitan opera houses, of churches or 
schools near main traffic arteries, of office and industrial buildings, or 

1 “City Noise/' Noise Abatement Commission, Dept, of Health, City of New York 
(1930). 
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of hotels and apartment houses, it is necessary that the architect know 
(1) the amount and character of the noise against which he is to provide 
insulation, and (2) the amount of noise which can be tolerated in differ¬ 
ent types of building. Thus, it may be stated as a general rule that the 
difference between the existing noise and the amount which can be toler¬ 
ated indicates the amount of insulation which should be provided in the 
building. Thus, if the noise in the vicinity of a building have a level of 
60 db, and a level of 20 db can be tolerated in the building, it is necessary 
that the building provide an insulation of 40 db. 

Just what is meant by a noise level of, for instance, 60 db and an 
insulation of, for instance, 40 db, requires further elucidation. The eval¬ 
uation and measurement of insulation will be considered in Chap. X. 
For the immediate purpose of the discussion of noise in and near build¬ 
ings it will be sufficient to consider the evaluation and measurement of 
noise. First of all, it is necessary to define the unit or units of noise. 

86. Units of Noise. Noise may be evaluated either in physical units 
by specifying the pressure variations of the sound wave for all audible 
frequencies, or in sensation units by specifying the sound level or loud¬ 
ness for all audible frequencies. For purely physical investigations, a 
physical unit, such as the peak and average pressure in bars, would be 
the most satisfactory. But such a unit fails to convey to the non¬ 
technical person a proper notion of the magnitudes of different noises. 
For example, for two noises characterized by average pressures of 
0.01 bar and 1 bar, at a frequency of about 1000 cycles, experience 
shows that the non-technical person will not judge the 1-bar noise to be 
100 times as loud as the 0.01-bar noise. If these same two noises are 
rated in terms of their sound levels, the corresponding levels, at a fre¬ 
quency of 1000 cycles, will be about 25 and 65 db above the threshold 
of audibility. These two numbers give a better notion of the mag¬ 
nitudes of the two noises, as judged by the average person, since they 
are proportional to the logarithms of the sound pressures. If the aver¬ 
age sound levels of these same two noises are specified at other represen¬ 
tative frequencies throughout the audible range, the two noises will be 
described in terms of numbers which correspond approximately with the 
loudness levels at the representative frequencies, 2 and the numbers 
(sound levels in decibels) will be very convenient for calculating the 
amounts of noise which will penetrate through different types of walls 
and partitions. For most practical problems in connection with noise 
measurement and the insulation of sound it is sufficient to specify the 

* The sound levels should be converted into loudness units (see Sec. 37) in order 
to correspond better with our generally established notions of loudness. Such a con¬ 
version will affect only the frequency components below about 700 cycles. 
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sound levels for low, medium, and high frequencies; for example, for 
frequency bands in the vicinity of 128, 512, and 2048 cycles. 

It is convenient, and attempts are often made, to evaluate the loud¬ 
ness of a noise in terms of a single number, as for example by specifying 
the sound level of a pure tone of 700 or 1000 cycles which would be judged 
to be of the same loudness as the loudness of the noise. Such evaluations, 
however, do not describe the character of the noise, and if used at all in 
problems of sound-insulation they should be used only with a knowledge 
of the frequency distribution of the noise and the insulative properties 
of the insulating medium. It happens that most noises have their 
maximal sound level within the octave between 512 and 1024 cycles, so 
that if the sound level of the noise and the insulative value of the insulat¬ 
ing medium be specified for this region it is possible to predict approxi¬ 
mately the amount of noise which will be transmitted through the bound¬ 
aries of a room. For approximate calculations in sound-insulation it 
will suffice to use these single frequency, or even average frequency, 
values, but for more precise calculations, such as should be made for 
all important buildings, it is advisable to specify the noise in terms of its 
peak and average sound levels at frequencies of say 128, 512, and 2048 
cycles, and to make calculations of the transmitted noise at these 
frequencies. 

87. Methods of Measuring Noise. Several practical methods have 
been developed for the measurement of noise. 3 At a recent symposium 
on noise measurement conducted by the American Institute of Electrical 
Engineers in April, 1931, eight different instruments for the measure¬ 
ment of noise were presented. Three of these methods will be consid¬ 
ered briefly in this section: (1) the tuning-fork method, (2) the audio- 
metric method, and (3) the acoustimeter method. The tuning-fork 
method, described by Davis, 4 is extremely simple, but gives quite satis¬ 
factory results if used with proper care. Davis used a single fork having 
a frequency of 640 cycles, but the same type of measurements can be 
made with several forks. In general, it is advisable to use at least three 
forks — tuned to, say, 128, 512, and 2048 cycles. The 2048 fork, at 
least, should be a massive steel fork, or a fork of the “ Duratone ” 
type with a low rate of damping. Ordinary steel forks are quite 

*E. E. Free, “Practical Methods of Noise Measurement,” Jour. Acous. Soc., 2, 
18 (1930); R. H. Galt, “Results of Noise Surveys — Noise Out-of-Doors,” Jour. 
Acous. Soc., 2, 30 (1930); R. S. Tucker, “Noise in Buildings,” Jour. Acous. Soc., 
2, 59 (1930); J. S. Parkinson, “Vehicle Noise and Noise Reduction,” Jour. Acous. 
Soc., 2, 65 (July, 1930). 

4 A. H. Davis, “Measurement of Noise by Means of a Tuning Fork,” Nature, 125, 
48 (January 11,1930). 
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satisfactory at 128 and 512 cycles. First of all, the forks must be cali¬ 
brated. It is necessary to know the sound level, in decibels, of each 
fork immediately after it has received a standard blow or excitation. 
If the fork be allowed to fall from a vertical position, through an arc 
of 90°, hitting a suitable pad (such as soft rubber or felt for the low- 
pitched forks and hard rubber for the high-pitched forks), the initial 
intensity can be reproduced very easily to an accuracy of 1 or 2 db. 
It is then necessary to know the rate of decay of the three forks. In 
general, the rate of decay of intensity is essentially logarithmic, so 
that the rate of decay will be a constant number of decibels per sec¬ 
ond. The rate of decay can be determined very readily by means of 
any of the reverberation meters described in Sec. 69. The 512 steel fork 
will give, when held close to the ear, an initial sound level of about 70 
or 80 db, and it will decay at a rate of about 1.0 to 1.7 db per second. 
Lower-pitched forks decay more slowly and higher-pitched forks decay 
more rapidly than does the 512 fork. In a perfectly quiet room steel 
forks may remain audible, when held close to the ear with the broad side 
of the prong toward the opening of the ear canal, from about 50 to 80 
seconds, and “ Duratone” forks will remain audible a hundred seconds 
or longer. If the rate of decay in decibels per second and the duration 
of audibility in a quiet room have been determined for a fork, its initial 
sound level will be equal to the rate of decay times the duration of audi¬ 
bility. Thus, if the rate of decay for a fork is found to be 1.1 db per 
second, and the duration of audibility after it has been given a standard 
hit is 60 seconds, the initial sound level of the fork will be 66 db above 
the threshold of the individual making the measurements. The hearing 
acuity of this individual should then be compared with the normal (by 
means of a calibrated audiometer) and an appropriate correction applied 
to the initial sound level of the fork. In many cases it is possible to 
have the forks calibrated by the manufacturer or by qualified labora¬ 
tories, such as the Bureau of Standards. After the forks are calibrated, 
the method of measuring'any noise is very simple. The observer, in the 
presence of the noise, strikes the fork a standard blow and at the same 
instant starts a stop watch. The fork is then held in front of the ear 
canal, moving it back and forth slightly, until the tone of the fork is just 
completely masked by the noise, at which instant the stop watch is 
stopped. This measurement is then repeated two or three times, and 
the average of all readings will give a good measure of the level of the 
noise at that particular frequency. Thus, suppose that the fork gives 
an initial sound level of 66 db, and that its tone decays at a rate of 1.1 db 
per second. Then if the fork remains audible only 20 seconds, it means 
that the masking effect of the noise at this frequency is 66 — 22 or 44 db. 
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Similar readings are obtained at other frequencies, and the resulting data 
will give an approximate audiogram of the measured noise. Measure¬ 
ments of this type, made with 128, 512, and 2048 forks, give a very satis¬ 
factory description of the intensity and frequency distribution of differ¬ 
ent types of noise. Both the apparatus and the method of measure¬ 
ment are extremely simple and reliable. 

A somewhat similar and also a very convenient method for making 
an approximate measurement of noise is made possible by means of a 
buzzer audiometer, such as the Western Electric Company’s 3A Audi¬ 
ometer. The buzzer in this instrument has a fundamental frequency 
of 160 cycles, and it has an abundant supply of overtones (see Fig. 10), 
so that its noise is quite representative of most noises encountered in 
practice. The receiver of the audiometer is equipped with an off-set 
receiver cap so that the ear of the observer hears both the noise of the 
audiometer and the noise which is to be measured. The observer first 
determines the amount of attenuation (in decibels) which must be 
introduced in the audiometer to reduce the buzzer sound to inaudibility 
when listening in a quiet place. He then makes a similar measurement 
when listening in the presence of a noise which is to be measured. The 


1 - Stage 
Amplifier 


Fig. 116. Schematic diagram of noise meter developed by Bell Telephone Lab¬ 
oratories. The weighting network is designed to give the same meter deflection 
for any pure tone having a loudness of 30 db. 

difference in the two readings of the audiometer, in the quiet place and 
in the noise, then gives a rough measure of the masking effect of the 
noise. The masking effect of the noise, as measured by the threshold 
shift on the audiometer dial, will usually be about 5 to 10 db less than 
the sound level of the noise. 

In the acoustimeter method of measuring noise the noise vibrations 
are picked up by a microphone, amplified by a vacuum-tube amplifier, 
passed through a frequency-weighting network, and registered or re¬ 
corded by a suitable galvanometer. Fig. 116 shows a schematic dia¬ 
gram of an acoustimeter developed by Bell Laboratories. This instru¬ 
ment has been used extensively in the survey of noises in New York, 
and most of the records which will be given in the following two sections 
were obtained with this instrument. The frequency-weighting network 
is based upon the sensitivity and sensibility characteristics of the normal 
human ear, so that the deflections registered or recorded by the instru¬ 
ment will be comparable to those which would be heard by the ear. A 
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single reading of the instrument will therefore give a fairly reliable meas¬ 
ure of the “ noisiness ” of the noise, although the effect of the frequency¬ 
weighting network will introduce certain errors owing to variations of 
intensity and frequency distribution in different noises. Such an in¬ 
strument is extremely useful for obtaining a continuous record over an 
extended period of time. The band-pass filters shown in Fig. 116 pro¬ 
vide a means for determining the sound levels over four frequency 
bands — below 500 cycles, 500 to 1500 cycles, 1500 to 3000 cycles, and 
above 3000 cycles. 

88. Noise in Buildings. In connection with the noise survey carried 
out by the New York Noise Abatement Commission, Mr. R. S. Tucker, 
of the American Telephone and Telegraph Company, has made a num- 

RANGES OF NOISE LEVELS FOUND IN NEW YORK CITY 


STREET 

NOSE 


RESIDENCE 

NOISE 


NOISE 

LEVEL 


122 . 

-42. 

- 22 - 

JHL 

-42. 

-* 2 . 

_1SL 

-IfiL 

- 12 - 


NOISE IN 

NON-RESIDENTIAL 
BUILDINGS 


VALUES FOR STREET NOISE FROM NOISE ABATEMENT 
COMMISSION SURVEY* FOR OTHER NOISES, FROM NELA-ATITCO 
SURVEY ALL VALUES ARE AVERAGES FOR THE LOCATIONS TESTED 
Fig. 117. Approximate noise levels in New York City. (Tucker.) 

ber of noise measurements in residential and non-residential locations, 
including private homes, apartments, and various industrial rooms. 
The order of magnitude of the noises encountered in different buildings 
and in the streets of New York is shown in Fig. 117, which is based upon 
the survey of the New York Noise Abatement Commission and the 
joint survey of the National Electric Light Association and the American 
Telephone and Telegraph Company. Thus, the average street noise 
level in New York varies from about 47 to 80 db; the average noise level 
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in non-residential buildings varies from about 32 to 72 db; and the 
average noise level in residences varies from about 22 to 45 db. The 
average of all residential locations was 31 db, and the average of all 
non-residential locations was 51 db; so that in general it may be stated 
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Fig. 118. Noise levels in buildings. {Tucker.) 


that the noise level in non-residential buildings is approximately 20 db 
higher than that in residential buildings. 

In Fig. 118 are shown the results of. noise measurements in a wide 
variety of buildings obtained from the sources named at the bottom of 
the figure. Thus, the noise in a boiler factory is about 97 db; the noise 
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on a subway station with a passing express train is 95 db; very loud radio 
music in the home is 80 db; very quiet radio in the home is 40 db; a 
very noisy restaurant is 70 db; and a quiet garden in London is only 
20 db. 

In Fig. 119 are given the results of a number of noise measurements in 
buildings in and near Los Angeles. The measurements were made with 
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Fig. 120. Noise levels in various out-of-door locations. (Galt.) 


tuning forks of 128, 512, and 2048 cycles per second. The data in 
Fig. 119 give only the average masking effect of the noise as measured 
with the 512 fork. In all cases the masking effect was less for the 128 
and the 2048 forks than it was for the 512 fork. 

89. Noise Out-of-Doors. In Fig. 120 is a summary, prepared by 
Mr. Galt, of noise measurements made in the open by a number of inves- 
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tigators. A large number of interesting data are contained in this chart, 
Thus, the noise of an airplane at a distance of 18 feet from the propeller 
is 115 db, which is only 15 db below the painful threshold; street noises 
vary from about 30 db in suburban London to 75 db in very noisy streets 
in New York or Chicago. 

Fig. 121 shows how the noise level varies at Forty-eighth Street near 
Eighth Avenue, in New York City, over an interval of twenty-four hours. 
The heavy dots show the average values, and the small dots the minim al 

NOISE LEVELS MEASURED DURING TWENTY-FOUR HOUR TEST 
48th STREET NEAR 8th AVENUE, NEW YORK CITY 



Noon Midnight Noon 

-May 1st--May 2nd- 

PLOTTED POINTS SHOW MINIMUM, AVERAGE AND MAXIMUM 
NOISE LEVELS DURING EACH 20-MINUTE TEST PERIOD 

Fig. 121. Variation in street noise in metropolitan New York for a twenty-four-hour 
period. (Galt.) 

and maximal noise levels recorded in each twenty-minute test period. 
It will be noted that the average noise level varies from about 53 to 63 
db, and that extreme variations lie between approximately 40 and 80 
db. In order to provide practical insulation against these noises, a 
building should provide an insulation of at least 60 or 65 db. With this 
amount of insulation all average sound will be excluded, and only occa¬ 
sional loud outside sounds will reach the interior of the building with a 
maximal level of 15 to 20 db. Owing to the unavoidable noises in the 
interior of the building, which would rarely if ever fall below a level of 
15 or 20 db, an insulation of 60 to 65 db would provide satisfactory insu¬ 
lation against these outside noises for practically all purposes. By 
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making a noise survey, such as the one which is recorded in Fig. 121, 
at the site of any proposed building, it would be possible to predict in 
advance of construction just how much sound-insulation would be needed 
in order to provide any desired degree of insulation against these outside 
noises. This is often very important in connection with the design of 
theatres, churches, school buildings, and music buildings. 

The frequency distribution of some typical noises measured in the 
streets of New York is shown in Figs. 122 and 123. It will be noted that 
in general the greatest loudness of noise lies in the frequency band be¬ 
tween about 500 and 1500 cycles, although the loudness level is fairly 
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Fig. 122. Frequency distribution of some noises measured m the streets of New 
York. (Galt.) 


uniform throughout the entire audible range of frequencies. In Fig. 124 
are shown the results of some tests conducted out-of-doors in and near 
Los Angeles, using the tuning-fork method described in the first part of 
Sec. 87. In comparing data obtained by this method with data obtained 
by the acoustimeter it should be borne in mind that the tuning-fork 
method is essentially a masking method in which the noise just barely 
masks the tone of the fork, and for this reason the noise will always be 
louder than the tone which it masks. Experience indicates that for 
ordinary traffic noises it is necessary to add about 10 db to the tuning- 
fork measurements in order to convert them into data which will be 
comparable with the acoustimeter data. Further, the tuning-fork 
method, as described, gives the sound level rather than the loudness level 
of the noise. By means of Fig. 44, however, it is a simple matter to 
convert sound levels into loudness levels — a procedure which is neces- 





NOISE METER READINGS-DB 


NOISE OUT-OF-DOORS 


263 


PHYSICAL ANALYSES 
OF TYPICAL NEW YORK STREET NOISE 



FREQUENCY IN CYCLES PER SECOND 

Fig. 123. Frequency distribution of composite street noise in metropolitan New 
York, corresponding to different densities of traffic. (Galt.) 



Fig. 124. Frequency distribution of out-of-door noises in Los Angeles. 
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sary only for the 128-cycle fork since loudness and sound levels are nearly 
identical for frequencies above 512 cycles. But, as stated in Sec. 86, 
it is better for the purpose of sound-insulation calculations to express the 
results of noise measurements in terms of sound levels rather than in 
terms of loudness levels. 



CHAPTER X 


INSULATION OF SOUND — FUNDAMENTAL PRINCIPLES 

90. Introductory. One of the most baffling problems with which the 
building industry is confronted is the insulation of sound. Nearly every 
hotel, apartment house, office building, and residence is subject to the 
annoyance of noises which have their origin in adjacent rooms or outside. 
There is, therefore, a pressing need for a better understanding of this 
subject by architects and builders. Too frequently, architects and 
building engineers have received very meagre training in the problems 
of sound control in buildings, and therefore they are often dependent 
upon the help they can secure from sales engineers who have particular 
sound-insulating materials to sell. The prospectus of nearly every con¬ 
cern which sells sound-insulating materials is filled with proposed schemes 
of construction for sound-insulation. Some of these schemes possess 
definite merit, but others are of doubtful value. The trouble with many 
of the proposed types of structure is that they are based upon someone's 
notion of how to secure sound-insulation rather than upon plausible 
theories or exact measurements. One of the principal fallacies inherent 
in many of the proposed methods for sound-insulation is based upon the 
erroneous assumption that materials and methods which are effective 
for heat-insulation are also effective for sound-insulation. It is impor¬ 
tant that the architect and builder recognize that sound-insulation and 
heat-insulation are separate problems, although certain types of struc¬ 
ture may be effective for both. In general, nearly all porous materials 
are good heat-insulators. Such materials are also, as a rule, good sound- 
absorbers, although they may not be good sound-insulators. How¬ 
ever, when porous materials are properly used they may be effective in 
aiding sound-insulation by reason of their sound-absorptive properties. 
The uses of such materials in sound-insulation will be discussed later. 

Although many difficulties and failures have beset the efforts of archi¬ 
tects and builders to provide good sound-insulation in buildings, and 
although there are yet many things to be learned about the practical 
methods of sound-insulation, considerable information is now available 
in the form of data on the insulating properties of different materials 
and types of construction. In addition, the fundamental principles in¬ 
volved in sound-insulation are fairly well known. In the following sec¬ 
tions of this chapter these fundamental principles will be treated, and 
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in the following three chapters consideration will be given to the meth¬ 
ods of measuring sound-insulation, to the available data on sound- 
insulation, and to the utilization of these data for calculating the insula¬ 
tion value of different types of construction. 

91. Methods of Sound-Transmission through Partitions and Building 
Structures. In order to handle intelligently the problems of sound- 
insulation in buildings, it is necessary to have a clear conception of the 
mechanisms by which sound may be transmitted through building struc¬ 
tures. The principal means for the transmission of sound through 
buildings are the following: 

1. By means of openings, as windows, cracks around doors, ven¬ 
tilating ducts, or any other openings which will admit a free flow of 
air. 

2. By means of the refraction or transmission through partitions. 
This is analogous to the refraction or transmission of light from air to 
water, or between any other two dissimilar media. 

3. By means of the conduction of sound through solids. For ex¬ 
ample, “ impact sounds,” such as footfalls, hammering on walls or 
floors, or moving of furniture on hardwood floors, are conducted 
through the dense and rigid structural members of a building. 

4. By means of the diaphragm action of walls which communicate 
sound from one side of a partition to the other side. 

The refraction or transmission of sound from one medium to another, 
as from air to plaster or stone, is an almost negligible factor in building 
construction. For example, in Chap. II a calculation was made of the 
amount of sound which w'ould be transmitted from air through a solid 
material like brick or stone, and it was found that the intensity of the 
transmitted portion was only about one millionth of the intensity of 
the incident wave. The transmission of sound through walls and par¬ 
titions by this means is usually a negligible factor, and need not be con¬ 
sidered unless the wall is very thick — thicker than about one foot. 

92. Transmission through Openings. The transmission of sound 
through openings, on the other hand, is often the means by which sound 
is most readily transmitted from one portion of a building to another. 
It often happens therefore that the limiting factor in the amount of 
sound-insulation which can be attained, especially in hotels and apart¬ 
ments, is determined by the insulation supplied by such unavoidable 
openings as may be incidental to the use of windows and doors. If, for 
example, it is necessary to open windows for ventilating purposes, the 
sound-insulation between two adjacent rooms may be limited to about 
20 or 30 db. Under such circumstances it would be futile to provide a 
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relatively high insulation through the separating walls or partitions. 
Even very small openings, such as cracks around doors or around imper¬ 
fectly fitting windows, are effective in transmitting a considerable amount 
of sound. The reasons for this are, first, that the sensation level of 
sound is proportional to the logarithm of the intensity, and second, that 
the sound which passes through a small opening is diffracted so much 
that it spreads out in all directions from the small opening as though the 
small opening were itself a source of sound. In order to make the first 
factor clear, suppose that an opening 10 inches wide will transmit sound 
to an adjacent room so that the transmitted sound attains a level of 50 
db; then by reducing the opening to one tenth of its initial size, that is, 
to a width of 1 inch, the energy transmitted through the opening has 
been reduced ten fold (neglecting the effect of diffraction) which means 
that the level of the transmitted sound has been reduced only to 40 db. 
A further reduction in the width of the opening to 0.1 inch (again neglect¬ 
ing the effects of diffraction) would reduce the energy another ten fold, 
and the sound level would be reduced another 10 db, so that the resulting 
level would still be 30 db. Thus, although the width of the initial open¬ 
ing has been reduced a hundred fold, the level of the sound transmitted 
to the adjacent room is reduced only about 20 db. The complete closing 
of the opening will, by the same reasoning, produce a relatively large 
diminution in the loudness of the transmitted sound. It is apparent 
therefore that a high degree of sound-insulation is dependent, among 
other factors, upon the complete closing of all threshold cracks around 
doors and windows in buildings. This is an important factor in sound- 
insulation, and the neglect of it may vitiate the benefit which may be 
anticipated from carefully designed walls or partitions. 

The transmission of sound through ventilating ducts often becomes a 
troublesome problem in the control of sound in buildings. There are 
three types of sound-transmission which must be controlled: (1) the 
noise from the fans, motors, and other air-conditioning equipment which 
is transmitted through the ducts and into the room; (2) the noise from 
an adjacent room which is transmitted from opening to opening , often 
through a short and highly conductive section of duct; and (3) the 
noise from adjacent rooms or outside which may be transmitted through 
the walls of the duct and thence through the ducts and into the room. 
The noise from the ventilating equipment room can be reduced suitably 
by (1) the selection of slow T -speed, quietly operating equipment; (2) 
treating the walls and ceiling of the equipment room with highly absorp¬ 
tive material; and (3) introducing acoustical attenuation within the 
ducts, which can be accomplished by using very long ducts of small cross- 
sectional area and by lining the ducts with highly absorptive material. 
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Thus, tests which have been conducted at the Bureau of Standards 
on the transmission of sound through speaking tubes, 1 and tests which 
have been conducted elsewhere 2 on the transmission of sound through 
ventilating ducts, indicate that the acoustical attenuation (expressed in 
decibels) suffered by sound in being transmitted through tubes and ducts 
is proportional to the length of the tube or duct; is inversely propor¬ 
tional (in the case of a circular tube) to the 6th power of the diameter 
of the tube, where b has a value between 0.76 and 1.00 3 ; and is approxi¬ 
mately proportional to the absorptivity of the material which comprises 
the interior surfaces of the tube or duct. Using these principles, it is 
possible to design filters which will provide any required amount of 
attenuation of the sound which is generated by the ventilating equip¬ 
ment and propagated through the ducts. 

The noise-transmission from room to room, by means of the duct 
which connects two rooms, also can be reduced suitably by introducing 
similar filters or attenuators within the duct which connects the two 
rooms. This same expedient, together with the use of heavy, low- 
transmitting materials for the walls of the duct, will minimize noises 
which otherwise might be transmitted through the walls of the duct and 
thence along the interior of the duct and into the room. In all cases 
the amount of attenuation introduced in the duct system should be suffi¬ 
cient to reduce the noise entering the room to a level which will be toler¬ 
able. This amount of attenuation, in decibels, will be equal to the dif¬ 
ference between the noise level at the source and the noise level which 
can be tolerated in the room. (See problem 10, Chapter XIII.) 

93. Transmission of Solid-Borne Sounds. The ease with which 
sound travels through solids has already been noted, and is amply dem¬ 
onstrated in nearly every modem steel-frame or reenforced-concrete 
structure. For example, impact noises, such as hammering against a 
wall, which originate in a room two floors above the author’s office, and 
at a distance of 200 feet, are transmitted to the office at a sound level of 
more than 40 db, an amount of noise which is definitely an annoyance. 
These solid-borne sounds travel through the structural members of a 
building, with but very little attenuation, and with a velocity of about a 

1 Eckhardt, Chrisler, Quayle and Evans, “Transmission of Sound through Voice 
Tubes/ 1 Technologic Papers of the Bureau of Standards, No. 333 (1926). 

2 See, for example, G. L. Larson and R. F. Norris, Heating, Piping and Air Condi¬ 
tioning (January, 1931). Similar tests, as yet unpublished, have been conducted 
by the Carrier Engineering Corporation and by the author. 

•There is yet some uncertainty concerning the exact value of this exponent b. 
According to tests conducted at the Bureau of Standards, it is 0.76 for circular tubes. 
More recent tests seem to indicate that this is too low, and that 1.0 is more probable. 
The exponent 1.0 is in accord with theory. 



TRANSMISSION OF SOLID-BORNE SOUNDS 


269 


mile a second. They are not readily transmitted or refracted from the 
solid structure to the surrounding air, since the density and elasticity 
of the two media, the one a dense rigid wall, and the other a tenuous, 
readily compressible atmosphere, differ so enormously. However, the 
cornpressional wave in the solid is communicated to large surfaces, as 
the walls and partitions surrounding the room, and these large surfaces 
are made to vibrate like the sounding board of a piano. In this way, a 
large portion of the solid-borne sound wave may be radiated into a room, 
and often may attain a disturbing magnitude. 

The most common sources of solid-borne sounds are footfalls or the 
moving of furniture on uncarpeted floors, the flowing of water in pipes 
which make rigid contact with the partitions of the building, machinery 
not properly insulated from the solid frame of the building, and repairs 
to buildings which involve hammering against, or drilling into, the solid 
frame of the building. Thus, it is impact or contact that is the source of 
these solid-borne sounds. It is often possible to control solid-borne 
sounds by means of adequate insulation against the impacts or contacts ; 
for example, by the carpeting of floors; by the wrapping of pipes — 
especially where they touch the frame of the building — with flexible, 



Fio. 125. Flexible ceiling saddle, wall clamp, and sleeper chair used by United States 
Gypsum Company. 


porous materials, as hair felt or mineral wool; or by the proper mounting 
of machinery on flexible or elastic supports. In monolithic structures, 
however, it is almost impossible to eliminate such solid-borne sounds as 
the impacts against the walls or partitions of the building, unless rather 
drastic and costly measures be adopted. 

Obviously, one of the most effective methods of eliminating these 
solid-borne sounds is to introduce discontinuities in the paths of the 
conducted sounds. These discontinuities should consist of materials 
which differ largely in elasticity and density from the solid structure of 
the building. For example, it is possible to suspend a ceiling by means 
of flexible or elastic supports; it is possible to build up inner walls in a 
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the preceding section that many solid-borne sounds have their origin in 
vibrating machinery or equipment which, if properly mounted or sup¬ 
ported, would not transmit an appreciable amount of vibration to the 
solid structure of the building. In the present section, special consider¬ 
ation will be given to the simple theory of the insulation of vibration, 
and to practical methods of insulating buildings, rooms, or building 
equipment from mechanical vibrations. The theory applies equally well 
to the problem of insu¬ 
lating the vibrations of 
mechanical equipment 
from parts of the building 
where such vibration 
should not be tolerated. 

The simplest method 

of insulating any object, M 

as a part of a building or j, IG 127 . Insulation of an object of mass m against 
a piece of equipment, vibrations in an object of mass M. 
from earth or building 

vibrations, consists of mounting the object on a suitable elastic sup¬ 
port. 4 This is shown schematically in Fig. 127, in which an object of 
mass m is separated from another object of mass M by means of a 
flexible support which has certain elastic and damping properties. 


M 



Fia. 128. Equivalent electrical circuit of the mechanical system shown in Fig. 127. 

The similarity between mechanical and electrical circuits makes it 
possible to represent the mechanical system in Fig. 127 by the equivalent 
electrical circuit shown in Fig. 128. This circuit implies that when M 
is set into forced periodic vibration, these vibrations are communicated 

4 See series of articles on this subject by C. R. Soderberg, beginning in the Elec¬ 
tric Journal (January, 1924); S. Timoshenko, “Vibration Problems in Machinery” 
(Van Nostrand, 1928); V. O. Knudsen, Phys. Rev., 32 , 324 (1928); A. L. Kimball, 
Jour. Acous. Soc., 2 , 297 (1930); S. E. Slocum, “Noise and Vibration Engineering” 
(Van Nostrand, 1931). Slocum’s book was published just as the author’s manu¬ 
script was sent to press. It should be consulted. 
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to m principally by means of the elastic coupling between M and m, 
although the internal damping or resistance of the system also may con¬ 
tribute to the coupling. The elastic property of the flexible support is 
most conveniently specified by the compliance c, which is defined as the 
compression produced by the addition of unit force, as centimeters per 
dyne. The compliance may be regarded as an electrostatic capacitance 
in the equivalent electrical circuit, Fig. 128. The damping property, 
or resistance factor r, is specified by the rate at which the free vibrations 
of the mass m will be damped; it is analogous to electrical resistance in 
electrical circuits. 

Suppose a vibromotive force — represented by e sin 2wnt, where e is 
the maximal value of the vibromotive force and n is its frequency — be 
impressed upon M. This will set M , and consequently m, into vibra¬ 
tions of the same frequency as the impressed vibromotive force, and with 
velocity amplitudes of ai and a 2 , respectively. It is possible, on the 
basis of the simple theory of network circuits, to write down the equiva¬ 
lent electrical equations for a x and a 2 in terms of e sin 2imt f A/, m, c, and 
r, and then solve for the ratio of a 2 to a { . If this be done, the resulting 
equation for a 2 /a h which gives the ratio of the amplitude of vibration of 
the insulated mass m to that forced upon A/, will be given by 



This equation has been tested experimentally for both supported and 
suspended systems and is in good agreement with the observed results. 6 
The equation is useful for calculating the insulation value of different 
types of flexible supports. For values of n which are small compared 
with the natural or free vibration rate of m upon its elastic support, 
a 2 /ai will be equal to unity; that is, m and M vibrate with the same 
amplitude, and the elastic support is neither advantageous nor detri¬ 
mental as a means of insulating m from the vibrations of Af. At the 
resonant frequency, that is, when 27rnw = 1/2t nc or n = 1/2t Vmc, 
the value of a 2 /a x is greater than unity, or the insulating support actu¬ 
ally ampli fies th e motion imparted to m. In fact, for all values of n less 
than 1/7 tV2 me the value of a 2 /ai will b e greater than unity. However, 
for values of n greater than 1/r V2me the value of a 2 /a x becomes less 
than unity, and approaches the value r/2mm at frequencies which are 
high compared with the natural or resonant frequency. In general, 

• V. O. Knudsen, loc. cit. There is some uncertainty concerning the inclusion of r 
as a coupling factor, hut experiments give a preference to its inclusion. 
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both m and c should be as large as possible if m is to be well insulated 
against the vibrations in M ; that is, the support should be very elastic 
and loaded as heavily as possible. In other words, a type of insulating 
support should be chosen which will make the resonant frequency of m 
on its elastic support low compared with the frequencies of vibration 
which are to be insulated. It is apparent therefore that a mass, such 
as a building or a room or some special equipment, mounted on a flexible 
support, acts as a low-pass filter which will prevent external vibrations 
of all frequencies above about 1 /tt Vmc from disturbing the insulated 
object. Reciprocally, the system acts as a low-pass filter which pre¬ 
vents similar vibrations which may be set up in m from disturbing M. 

The discussion given in the preceding paragraphs has been limited to 
sustained periodic vibrations, such as might be produced by motors, 
elevators, ventilating fans, and other machinery. It is often important 
to provide insulation against transient as well as sustained vibrations. 
In order to provide a high degree of insulation against transient vibra¬ 
tions, the mass of the insulated object should be as large as possible and 
the resistance or damping factor of the flexible support should be rela¬ 
tively large. Under these conditions the transients will not impart an 
appreciable motion to the insulated object, and the large resistance in 
the flexible support will effectively damp out such vibration as may be 
imparted to the insulated mass. 

Since the compliance c and the resistance 6 r of flexible materials deter¬ 
mine the value of these materials for the insulation of vibration, it will 
be helpful to discuss briefly methods which may be used for determining 
c and r, and to give the values of c and r for a number of commonly used 
materials. The value of c can be obtained from static measurements of 
the displacement of the compressed support per unit of force. If this 
be done for a specimen of material of a certain thickness and area of cross 
section, the compliance can be determined for any other thickness or area 
by remembering that c will be directly proportional to the thickness and 
inversely proportional to the area of the flexible support. 

When r is not too large, it can be determined by observing the succes¬ 
sive amplitudes of the free vibrations of a mass m on the flexible support 
and solving for r by the usual log decrement method. 7 Or, if the damp¬ 
ing be so great that the free motion of m is non-oscillatory, r can be ob- 

• The resistance factor is not so important as the compliance factor, and in many 
approximate calculations the value of r may be regarded as zero. 

7 The decrement in a damped periodic vibration, such as will occur with the mass m 
on its elastic support, if the system be oscillatory, is the ratio of one displacement to 
the immediately following displacement; that is, it is the ratio of the amplitude of 
vibration at any instant to the amplitude one half period later. The natural loga- 
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tained from measurements on the experimentally determined resonance 
curve of the forced vibrations of m , or from measurements of the rate 
of return of m when it is given an initial displacement. This last method, 
which may be regarded as a static method, is similar to the electrical 
method of determining the resistance R in series with an inductance L 
and a capacitance C by discharging the condenser through the induc¬ 
tance and resistance, and obtaining the decay curve or the time constant 
for the combination. 

If the resistance of a certain specimen of material, as cork, felt, or 
rubber, has been determined by any of these methods, the resistance for 
any other thickness or area of the material can be approximately deter¬ 
mined by assuming that the resistance will be inversely proportional to 
the thickness and directly proportional to the area of cross section of the 
flexible support. Having determined the values of c and r for a flexible 
material, it is possible to calculate, by means of (39), the amount of in¬ 
sulation that will be obtained from the use of this material as a flexible 
support for an object of mass m. 

The manner in which Eq. (39) agrees with measured vibrations in a 
typical system is shown in Fig. 129. The curves in Fig. 129 apply to a 
system suspended by a damped spiral spring rather than one resting upon 
an elastic pad, but the same type of curves would result for either case. 
For the curves shown in Fig. 129, m = 135 grams, c = 0.50 X 10~ 6 
centimeter per dyne, r = 2480 c.g.s. units. 8 For this system the reso¬ 
nant frequency was about 6 cycles, and it will be noted that for frequen¬ 
cies below about 8.2 cycles a 2 /ai > 1, that is, the motion is amplified 
by the elastic suspension; but for frequencies above 8.2 cycles a 2 /«i < 1, 
that is, the motion is reduced by means of the elastic support; and for 
frequencies above 20 cycles the motion is reduced more than five fold. 
Thus, such a system would provide a reduction in the audio-frequency 
range of 14 db at 20 cycles, 34 db at 200 cycles, and 63 db at 4000 cycles. 
Such a system therefore would be of considerable value for the insulation 
of audible vibrations. 

The use of the foregoing theory in the prevention of vibrations in 
buildings has been demonstrated in numerous instances. The recently 
completed Acoustical Laboratory at the University of California at 
Los Angeles will serve as a typical example. It was desired to keep the 

rithm of this decrement , called the log decrement, is equal to rT/4m , where T is the 
period of vibration of the mass m. Measurements are made of the period T and of 
successive displacements of the mass m; the appropriate quantities are then substi¬ 
tuted in the defining equation for the log decrement; and the equation is solved for r. 

• For the purpose of convenience, the author has used the c.g.s. system of units in 
the data and calculations on the insulation of vibration. 
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reverberation chamber free from earth and building vibrations, espe¬ 
cially in the audio-frequency range. The chamber is constructed of 
12-inch concrete walls and a 6-inch concrete ceiling slab, and this cham¬ 
ber is inside the main concrete frame of the building. The entire room 
is insulated from the ground and the main structure of the building by 
means of (1) a 6-inch fill of dry sand enclosed in a concrete pan, and (2) 
strips of 2-inch insulation cork placed directly under the concrete floor. 
The manner in which the heavy concrete room is supported by the cork 



0 2 4 6 8 10 12 14 16 18 20 

Frequency of Vibration— Cycles per Second 

Fig. 129. Curves showing the order of agreement between predicted and observed 
amounts of insulation of vibration provided by flexible supports. Notice that for 
frequencies above 12 cycles the amplitude has been reduced to less than half, and 
that it diminishes more and more with increasing frequency. 

and sand is shown in Fig. 94. The purpose of the sand is to offer a dis¬ 
continuity in the path of earth-borne vibrations and to damp out tran¬ 
sient vibrations. The purpose of the cork is to prevent sustained solid- 
borne vibrations, in the audible range, from reaching the chamber. 
The insulation value of the cork may be calculated as follows: 

Mass of insulated room = 151,000 pounds, or 68,600,000 grams. 

Area of cork = 380 square feet, or 354,000 square centimeters. 

Compliance of the 2-inch cork, per square centimeter, - 0.50 X 10” fl centimeter 
per dyne. 

Or the compliance for the entire area of 354,000 square centimeters of cork would be 
0 50 y 10"”® 

~ 354 000 " 1,4 x 10 ~ 1J ren ti*neter per dyne. 

Resistance of the 2-inch cork, per square centimeter, = 0.22 X 10 6 c.g.s. units. 
Or the resistance of the entire area of 354,000 square centimeters of cork would be 
0.22 X 10 5 X 354,000 - 7.8 X 10» c.g.s. units. 
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If these values be substituted in (39) it will be found that some insula¬ 
tion will be provided for all frequencies above about 25 cycles. At 20 
cycles, for example, 
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The resonant frequency is about 16 cycles, and at this frequency the 
value of at/a 1 is 1.3. Owing to the large damping coefficient of the cork, 
the resonant peak is very flat, and consequently there is no appreciable 
amplification of mechanical vibrations even for frequencies which are 
near resonance. This is shown in Fig. 130, which gives the values of 
a 2 /ai for the insulated room for frequencies up to 2000 cycles. The insu¬ 
lation cork, as used, appears to afford effective insulation against all solid- 
borne vibrations within the audible range. Thus, at 200 cycles the effec¬ 
tive reduction is about 20 db, and at 2000 cycles it is about 40 db. Al¬ 
though no exact quantitative tests have been made of the insulation 
value of the cork support under the reverberation room, a qualitative 
comparison of the extent of building-borne vibrations which reach thi« 
room with the vibrations in adjacent rooms, which rest directly upon the 
ground and are structurally a part of the concrete frame of the building, 
demonstrates that the cork support is very effective in preventing build¬ 
ing vibrations from disturbing the reverberation room. A greater de¬ 
gree of insulation could have been obtained by using a more flexible 
material, like soft rubber, or by reducing the area of bearing surface on 
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the cork, which would have increased its over-all compliance, but a 
compromise was made to insure a longer “ life ” to the cork. 

In many instances cork or rubber has been used for insulating supports 
for large concrete platforms on which is mounted apparatus which is 
very sensitive to mechanical vibration, such as sound-recording equip¬ 
ment. Such equipment must be thoroughly insulated against all fre¬ 
quencies in the audible range. In one instance, measurements of the 
amount of vibration reaching an insulated platform compared with the 
vibration of the floor near the insulated platform were in good agree¬ 
ment with the predetermined insulation values based on Eq. (39). 

The indiscriminate use of cork, felt, or rubber as an insulating medium 
may lead to disappointing results. For example, if the flexible support 



20 200 2000 
Cycles per Second 

Fia. 130. Insulation of earth and building vibrations by means of a suitably loaded 
cork slab. 

be very much underloaded, the natural or resonant frequency of the 
system may be as high as 100 cycles, in which case frequencies below 150 
cycles may be amplified rather than diminished by the flexible support. 
In general, heavy-weight isolation cork should be loaded to about 25 to 
50 pounds per square, inch; light-weight insulation cork should be 
loaded to about 5 to 8 pounds per square inch; soft India rubber to 
about 3 to 6 pounds per square inch; and hair felt to about 1 to 2 pounds 
per square inch. This degree of loading will usually provide a high 
degree of insulation throughout the audio-frequency range, and at the 
same time the material will not break down or lose its elasticity. 

In the following table are given the values of the compliance c and, 
in some cases, the resistance r of a number of commonly used flexible 
materials. Different specimens of the same material will often vary 
more than 100 per cent, so that the data in the table give only the order 
of magnitude of c and r. In practice, measurements should be made of 
specimens of the materials which are contemplated for use. 
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Table XXI 

COMPLIANCE AND RESISTANCE DATA FOR TYPICAL SPECIMENS 
OF FLEXIBLE MATERIALS 


The compliance and resistance given in the table are for specimens 1 inch thick 
and 1 square centimeter in cross section. 


Material 

Description of 
Material 

Approximate 
Upper Safe 
Loading in 
Lb. per 
Square Inch 

Compliance, 
c, in 

Centime¬ 
ters per 
Dyne 

Resistance, 
r, in 

Absolute 

Units 

Corkboard 

1.101b. per board foot 

12 

0.25X10'• 

0.15X10 8 

Corkboard 

0.70 

8 

0 :>0 “ 

0.25 “ 

Flax-li-num 

1.35 

4 to 6 

0.00 “ 

0.50 “ 

Celotex . . 

Carpet lining 

10 

0 40 “ 


Celotex 

Insulating board 

12 

0.18 “ 


Insulite . 

“ 

15 

0.10 “ 


Masonite 

“ 

15 

0.12 “ 


Anti-Vibro-Block . 


5 

0.00 “ 

1.5 “ 

Sponge Rubl>er . 

25 lb. per cubic foot 

1 to 3 

3.0 


Soft India Rubber 

55 “ 

3 to 0 

1 2 


Hair felt 

10 

1 to 2 

l 5 



In the choice of materials for the insulation of vibration it is necessary 
to give consideration to the safe amount of loading the material will with¬ 
stand without breaking down the structure of the material, or without 
compressing the material to the extent that its compliance is reduced 
beyond required limits. It also is important to select a material which 
will have a long life and which will not continue to compress or settle 
under the load which it supports. For example, if ordinary insulation 
cork be loaded as much as 20 or 30 pounds per square inch, the material 
will continue to compress indefinitely, and at the same time will become 
less and less compliant, until ultimately it not only loses its insulation 
value but also allows an amount of settling which cannot be tolerated. 
For example, a specimen of 1-inch insulation cork (0.70 pound per board 
foot), under a load of 20 pounds per square inch, settled 0.04 inch during 
the first 24 hours, 0.02 inch during the next 24 hours, and 0.11 inch dur¬ 
ing the first 5 months it was under compression. The same specimens, 
under a load of 10 pounds per square inch, settled only 0.01 inch during 
the first 24 hours, 0.005 inch during the next 24 hours, and only 0.03 
inch during the first 5 months. In general, the most satisfactory ma¬ 
terial will be one which has a high compliance and very little tendency to 
settle under the influence of the load, and which tends to restore to its 
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initial condition when the load is removed. Hair felt, cork, and rubber 
seem to be the best available materials which meet these requirements, 
although all these materials continue to settle, and become less and less 
compliant as they become older. Flexible steel supports and clips, such 
as those shown in Figs. 125 and 126, do not have these defects, and are 
proving to be very satisfactory not only for the insulation of floors and 
ceilings but also for insulating all sorts of equipment from the floor or 
the rigid frame of the building. 9 

Recently, the author had occasion to test the effectiveness of different 
types of flexible supports or cushions for insulating the noise of footfalls 
and other impacts against the floor of a gymnasium. The gymnasium 
floor (maple) was supported directly upon a concrete slab which sep¬ 
arated the gymnasium from a large dining room located directly under 
the gymnasium. The impacts of a basket ball volleyed against the 
maple floor produced a noise level in the dining room of 45 db. It was 
proposed that an additional wood floor be floated above the existing 
maple floor, and accordingly tests were made to determine the added 
amount of insulation (against impacts) which would result from differ¬ 
ent methods of supporting the new floor. A model floor section, 8 feet 
by 8 feet, was constructed of f-inch sub-flooring and i-inch T & G fin¬ 
ished flooring. This model section was floated on different types of 
fibre boards, blankets, and flexible steel chairs. The results of the tests 
are given in Table XXII. 


Table XXII 


Type of Insulation under Model Section 

Sound 
Level of 
Transmitted 
Impacts, 
decibels 

Insulation 
Value of 
Floated Floor, 
decibels 

No insulation (impacts on-maple floor). 

45 


Two layers i-in. fibre board 

34 

11 

One layer 1-in. fibre board ... 

34 

11 

One layer 11-in. cork 

33 

12 

1 -in. wool and J-in. fibre board. . 

37 

8 

Two layers of light-densitv fibre board ... 

31 

14 

Flexible steel chairs 

21 

24 


9 M. C. Rosenblatt has recently invented an isolating support which reduces the 
force against the foundation of machinery vibrations (1) by utilizing several alternate 
layers of rigid and flexible materials (as steel and felO, and (2) by using a bearing 
surface on the flexible and absorptive “pad” large enough to prevent excessive com¬ 
pression of the pad. (See Patent No. 1,819,039.) 
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These tests indicate that flexible steel chairs provide a better means of 
insulating a floor against impact noises than do blankets or fibre boards. 
This is a reasonable result, since the compliance of the flexible steel 
chairs is considerably greater than the compliance of the blankets or 
fibre boards. 

96. Insulation of Sound by Porous and Porous-Flexible Materials. 

The insulation of sound by porous or porous-flexible materials, such as 
hair felt or mineral wool, is accomplished principally by losses of vibra¬ 
tory energy within the 
material. The transmitted 
sound wave is attenuated 
by viscous losses within the 
capillary pores of the ma¬ 
terial and by the vibration 
of the component parts of 
the material. The loss of 
energy owing to the flow of 
sound in small pores has al¬ 
ready been considered (Sec. 
61), and it is obvious that 
the vibration of the compo¬ 
nent parts, such as the hairs 
or fibres in felted materials, 
also will contribute to the 
dissipation of the trans¬ 
mitted wave. From the 
nature of these internal 
losses of sound energy, it is 
to be expected that the 
fractional loss of sound 
through, say, the first inch 
of a porous-flexible material 
will be the same as the 
fractional loss through the 
next inch of the material, and so on. In other words, if the sound energy 
be reduced ten fold through the first inch of the material, it would be 
reduced another ten fold through the second inch of the material; or 
the 2 inches of material would provide an energy reduction of one hun¬ 
dred fold; 3 inches would provide an energy reduction of one thousand 
fold; 4 inches would provide a reduction of ten thousand fold; and 
soon. 

Measurements of the insulation of sound by porous-flexible materials, 
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Fig. 131. The insulation of sound by one, two, 
three, and four layers of hair felt. The energy 
transmission ratio (or transmission coefficient) is 
plotted as a function of frequency. (Datris and 
bittler.) 
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such as hair felt, conform approximately to this anticipated result; that 
is, the logarithm of the energy reduction, or the decibel reduction, is 
roughly proportional to the thickness of the material. The degree of 
agreement between this anticipated result and experimental measure¬ 
ments obtained by Davis and Littler 10 is indicated in Fig. 131, which 
gives the transmission coefficients at different frequencies for one, two, 
three, and four layers of hair felt (density of felt, 12 pounds per cubic 
foot). 

The results of insulation measurements on porous materials show that 
such materials, if used by themselves, do not provide a very large amount 
of insulation unless the insulating blanket or partition be very thick. 
Thus, as is indicated in Fig. 131, the coefficient of transmission at 700 
cycles for four layers of hair felt (each layer is 0.58 inch thick) is about 
0.01; that is, a sound wave of 700 cycles would be attenuated only 
20 db in passing through 2.32 inches of hair felt. However, when such 
materials are used properly in conjunction with rigid partitions, they 
may contribute a considerable amount to the total insulation supplied 
by the wall structure. One of the most effective ways in which such 
materials may be used for the insulation of sound is by suspending or 
supporting the porous-flexible material in an air space between tw r o rigid 
partitions. The amount of insulation provided by such structures 
will be given in Table XXXI, Chap. XII. 

96. Insulation of Sound by Rigid Partitions. The transmission of 
sound through rigid partitions, as has already been mentioned, is accom¬ 
plished principally by the forced vibration of the wall; that is, the entire 
rigid partition is forced into vibration by the impacts of the sound waves 
against it. The vibrating partition thus becomes a secondary source of 
sound and radiates a certain amount of sound to the space adjacent to 
the opposite side of the partition. On the basis that the transmission of 
sound through rigid partitions takes place in this manner, it is to be 
expected that the insulation value of a wall will depend primarily upon 
the mass or inertia of the wall, the stiffness of the wall, and the internal 
resistance or damping of the wall. Every partition of the type here 
considered will have certain characteristic or natural modes of vibra¬ 
tion— the fundamental and a series of partials or overtones. If it 
were not for the internal damping in a rigid partition, there would be 
resonant peaks for frequencies corresponding to the fundamental and 
partials, and at these frequencies the panel would transfer, or transmit, 
a relatively large amount of energy to the opposite side of the panel. 

10 Davis and Littler, “The Measurement of Transmission and Reflection of Sound 
by Partitions of Various Materials. I. Felt-like Materials,” Phil. Mag., S, 177 (Jan¬ 
uary, 1927). 
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However, the internal damping is so large that these resonant frequen¬ 
cies are generally very much flattened out, and in general the ear does 
not detect any marked resonant effects, although they can be readily 
measured at low frequencies. Such instrumental measurements show 
that most rigid partitions do have a lower insulation at some frequencies 
than they do at others, owing to these resonant characteristics of the 
partition. The fundamental frequency for the structural partitions 
used in buildings is rather low, usually below 50 cycles, but the partial 
modes of vibration may give rise to overtones throughout two or three 
octaves above the fundamental. Meyer 11 has measured and calculated 
the fundamental frequency, and has measured the damping, for a num¬ 
ber of rigid panels, each 2 meters square. The results are summarized 
in Table XXIII. As will be seen from this table, the fundamental 
frequency for typical wall partitions is not only low, but the damping 
is rather high. Consequently there can be no sharply defined resonant 
peaks in such partitions, and it is to be expected therefore that the 
sound-insulation of typical partitions will not be affected appreciably 
by the resonant properties of the panel. 12 

For all frequencies above the fundamental frequency of the partition, 
it is the mass of the partition rather than the stiffness or the damping 
which contributes principally to its insulation value, and even at the 
resonant frequency the mass factor is the dominant one for most parti¬ 
tions encountered in practice. The mass of a wall offers a reaction to 
the sound wave similar to the magnetic reaction of a self-inductance in 
an electrical circuit. In both the mechanical and electrical circuits the 
reaction increases with the frequency. On this basis, it would be ex¬ 
pected that the mass of the partition would be the principal factor in 
determining the insulation value of the wall, especially at frequencies 
well above the fundamental frequency of the partition. Measurements 
on the insulation value of rigid partitions give credence to this general 
notion that the mass or inertia of a partition is the outstanding factor in 
determining its insulative properties. In the case of thin, flexible panels, 
the stiffness, the internal damping, the size of the panel, and the manner 
in which it is clamped around the edges, all contribute to the total amount 
of vibration which will be imparted to the partition, and therefore all 
these factors contribute to the insulation value of such panels. How- 

11 E. Meyer, “Grundlegende Messungen zur Schallisolation von Einfach-Trenn- 
w&nden,” Sitzungsber. d. Preuss. Akad. d. Wiss, Phys.-Math. Klasse, IX (1931). 

u Some measurements of the vibration of single panels, made by the author, indi¬ 
cate that in general the fundamental frequency is the only frequency for which the 
effects of resonance are great enough to have an appreciable influence upon sound- 
insulation. 
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Table XXIII 


FUNDAMENTAL FREQUENCY AND DAMPING OF RIGID PANELS, 
2 METERS SQUARE (6 FT. 6 IN. BY 6 FT. 6 IN.) 


Type of Panel 

Thickness 

Weight in 
Lb. per 

Natural Frequency 
in Cycles per Second 

Damping in 
Decibels 

in In. 

Square 

Foot 

Calcu¬ 

lated 

Meas¬ 

ured 

per 

Second 

Pine wood .. . 

0 2 

0 45 

7 8 

7 

9.5 

Sheet iron. 

0 08 

3 2 

10 5 

12 

5 4 

* ‘Rabitz wand”.. .. 
Pressed straw, 

1.0 

6.3 

16 

17 

11 1 

plastered . 

* ‘Schwemmstein- 

3 5 

13 8 

24 

30 

41 

wand,” plastered 

4 7 

24 8 

32 

38 

54 

Concrete, plastered 

4 3 

26 6 

31 

28 

16 

Brick (i), plastered 

3 5 

31 0 

27.5 

29 

87 

Brick (J), plastered 

5 8 

46 4 

45 

48 

69 

Brick (1), plastered 

10 6 

93 

75 

51 

48 


ever, in the panels investigated by Meyer and referred to in Table XXIII 
(which included one thin wood panel), the mass seems to be the predom¬ 
inant factor in determining the insulation value of nearly all rigid panels 
and partitions encountered in practice. The importance of the mass 
factor is indicated in Fig. 132, which shows how the amplitude, velocity, 
and acceleration of a brick-and-plaster wall depend upon the frequency 
of the incident sound, the sound intensity being maintained at a con¬ 
stant pressure of 10 bars. It will be noted that although the ampli¬ 
tude and velocity of the, brick wall tend to decrease with increasing fre¬ 
quency, the acceleration is nearly the same for all frequencies. Since 
the wall was excited by sound of a constant pressure (10 bars), and since 
the acceleration was nearly constant for all frequencies, it is evident 
that the wall reacts to the sound vibration as a system comprised essen¬ 
tially of mass. Meyer shows further, by equating the vibrational force 
acting on the panel to the product of the effective mass and acceler¬ 
ation, that the effective vibrational mass of rigid panels is of the order 
of one to two tenths of the total mass of the panels. 

The manner in which the insulation value of rigid partitions depends 
upon the mass per unit area of the partition is shown by the plotted 
data in Fig. 133. These data are the results of measurements by the 
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Bureau of Standards, E. Meyer, the National Physical Laboratory, and 
V. O. Knudsen on a large number of rigid panels, 13 such as plate glass, 
plaster board, clay tile and plaster, and brick and plaster. The insula- 



Fig. 132. Curves showing the amplitude (a), the velocity (aw) and the acceleration 
(aw 2 ) for a 31-inch brick and plaster wall when the wall is excited by sound having 
a pressure of 10 bars. (Meyer.) 



Weight per Square Foot 


Fig. 133. Curves showing the relation between the insulation value of rigid parti¬ 
tions and the weight per square foot of the partition. 

tion value of each panel, expressed as the transmission loss in decibels 
(arithmetical mean for the octave frequencies between 128 and 2048 
cycles), is plotted against the logarithm of the weight in pounds per 
square foot of the panel or partition. It will be noted that the curve 

la See author’s article on “ Measurement and Calculation of Sound-Insulation,” 
Jour. Acous. Soc., 2 , 1, 129 (July, 1930). 
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passing through most of the points is approximately a straight line. 
This straight line indicates that the insulation value of rigid partitions 
is approximately proportional to the logarithm of the mass per unit 
area of the panel or partition. Thus, the transmission loss for a rigid 
panel which weighs 1 pound per square foot is about 22 db; the trans¬ 
mission loss for a rigid panel or wall which weighs 10 pounds per square 
foot of wall section is about 37 db; and the transmission loss for a rigid 
partition or wall which weighs 100 pounds per square foot of wall section 
is about 51 db. It will be noted by comparing Figs. 131 and 133 that 
added thickness to a rigid partition does not increase the insulation so 
rapidly as does added thickness to a porous-flexible partition, such as 
hair felt. Thus, whereas the insulation value of a hair-felt partition 
will increase ten fold (measured in decibels) when the thickness of the 
felt is increased ten fold, the same increase in the thickness of a rigid 
wall, for example, in the range from 10 to 100 pounds per square foot, 
will increase the insulation value from about 37 to 51 db, or less than 
two fold. 

Because of the slow increase in insulation with increased mass or thick¬ 
ness of a rigid partition, it is not always feasible to secure a high degree 
of insulation by merely increasing the thickness of the wall. Thus, it 
would be necessary to increase the thickness of a concrete wall to nearly 
4 feet in order to give to the wall an insulation of 60 db. When walls of 
high insulation are required, it is more feasible and economical to employ 
special structures which combine the two principles of sound-insulation 
which we have described: namely, absorption losses in porous-flexible 
materials, and inertial losses in rigid partitions. Thus, two or three 
rigid and relatively thin partitions separated from each other by felts 
or blankets can easily be composed in such a manner as to give an insula¬ 
tion of at least 60 db. The insulation value of many special forms of 
construction employing these and other principles will be found in Table 
XXXI, Chap. XII. 



CHAPTER XI 

INSULATION OF SOUND — METHODS OF MEASUREMENT 

97. Introductory. In this chapter a number of different methods 
which are, or may be, used for measuring the insulation value of walls 
and partitions will be considered. It is important that the basic prin¬ 
ciples underlying these methods be clearly comprehended in order that 
the results obtained by different methods may be evaluated in such a 
manner that they will specify only the insulation value of the panel or 
partition, and thus be independent of the method of measurement and 
also of the size of the partition and the properties of the rooms in which 
the tests are made. The theoretical aspects of this problem have been 
considered by both Buckingham and Davis, 1 who have described quan¬ 
titatively the different factors which are involved. 

In all laboratory measurements it is necessary that the test panel be 
large enough, and be so fastened around its edges, that it wall vibrate 
essentially as it would in actual types of building construction. It 
must be securely sealed around its edges so that no sound can leak 
through even the smallest of cracks. And the sound which is trans¬ 
mitted to the test room by other paths than through the test panel 
should be negligibly small. Finally the tests should be made at a suffi¬ 
cient number of frequencies, or bands of frequencies, to exhibit any pos¬ 
sible resonant properties of the panel and to show' its insulation value 
throughout the frequency range which is characteristic of speech, music, 
and noise. 

Before proceeding with a description of the different methods of test¬ 
ing it will be necessary to choose and define a term wdiich will serve as 
an absolute measure of the insulation value of different materials or 
types of structure. The term coefficient of transmission seems to be a 
logical choice. It already has been defined as the ratio of the intensity 
of the sound transmitted through the test panel or partition to the in¬ 
tensity of sound which is incident upon the source side of the test panel. 
If the panel or partition be large enough to vibrate essentially as it would 

1 E. Buckingham, “Theory and Interpretation of Experiments on the Transmission 
of Sound through Partition Walls,” Bureau of Standards Scientific Paper, No. 506, 
193 (1925); A. H. Davis, “Reverberation Equations for Two Adjacent Rooms Con¬ 
nected by an Incompletely Soundproof Partition,” Phil. Mag., 50, 75 (1925); “The 
Basie of Acoustic Measurements by Reverberation Methods,” Phil. Mag., 2, 543 
(1926). 
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in typical forms of construction, the coefficient of transmission, which is 
designated by r, will be independent of the size of the test panel and the 
characteristics of the source and test rooms, and will depend only upon 
the material and structure of the panel. The insulative properties of any 
panel or partition will then be determined if the coefficients of transmis¬ 
sion at representative frequencies throughout the audible range be known. 

98. Beam Method. This is the method developed and used by F. R. 
Watson at the University of Illinois and later by A. H. Davis and T. S. 
Littler of the National Physical Laboratory. In this method, as in all 
methods, a source room and a test room are required. The two rooms 
are separated by a heavy wall which contains an opening in which the 
test panel is sealed. An approximately plane parallel beam of sound, 
of a certain frequency, obtained by means of a large parabolic reflector 
in the source room, is projected obliquely upon the opening between the 
source room and the test room. The walls of both rooms should be 
treated with highly absorptive material so as to minimize the effects of 
reflections from the walls. Measurements are made, usually by means 
of a microphone and amplifier, of the intensity of the sound along the 
transmitted beam in the test room first with the unobstructed opening 
and then with the test panel sealed in the opening. The first measure¬ 
ment gives a quantity which is approximately proportional to the rate 
at which the sound energy strikes the partition; and the second measure¬ 
ment gives a quantity which is approximately proportional to the rate 
at which the energy is transmitted through the test panel. The ratio 
of the second to the first quantity therefore gives the coefficient of trans¬ 
mission r for the panel at a certain frequency. In general, the quanti¬ 
ties which are measured directly are proportional to the pressure ampli¬ 
tude of the sound wave, and the intensities of the incident and trans¬ 
mitted beams would be proportional to the square of these pressure 
amplitude measurements. Thus, if p\ be the average value of the pres¬ 
sure amplitude of the beam of sound in the test room when the panel is 
removed, and p 2 the average pressure amplitude when the panel is 
sealed in the aperture, then, approximately, 2 



2 It is assumed that the rate of emission of the sound source is not affected by the 
presence of the panel in the aperture. This is approximately the case when the beam 
strikes the panel obliquely, but there would be an appreciable difference when the 
beam is normal to the panel, owing to the different loading on the source in the two 
cases. Both the test room and the source room should contain so much absorption 
that the panel either in or out will not appreciably alter the absorptive properties 
of the two rooms; or suitable correction should be made for the effect of the panel 
upon the amount of absorption in the rooms. 
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Fig. 134. Arrangement of apparatus used by Watson for measuring the insulation 
of a panel by the beam method. 
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Fig. 135. Arrangement of apparatus used by Davis and Littler for measuring the 
insulation of a panel by the beam method. 
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Then the reciprocal of t will give the number of times the energy is 
reduced by transmission through the panel; and the transmission loss 
in decibels, which the panel introduces in the beam of sound, will be 
given by 

T.L. = 10 logio - = 10 logio (^) 2 - (41) 

T xPv 


Hereafter, the abbreviation T.L. will be used for transmission loss. 
In Watson's method, the pi and p 2 , or quantities proportional to them, 
are measured by means of the Rayleigh disc, and in the method used at 
the National Physical Laboratory pi and p 2 are measured with a con¬ 
denser microphone and amplifier. Watson’s arrangement of apparatus 
is shown in Fig. 134, and the arrangement used at the National Physical 
Laboratory is shown in Fig. 135. At the National Physical Laboratory 
the interior surfaces of both the source and test rooms are lined with 


highly absorptive felt so that reflections from the boundaries of the 
rooms are greatly minimized. In both laboratories the source of sound 
is a nearly pure tone generated by a vacuum-tube oscillator and electrical 
loud speaker. 

99. Bureau of Standards’ Method. 3 The method of measurement 
used at the Bureau of Standards is nearly the same as the beam method 


described in the preceding 
section, except that the 
source is not a single fre¬ 
quency, but a warble fre¬ 
quency, and the source of 
sound is not directed in a 
beam upon the panel. The 
sound in the source room —- 
which is very reverberant — 
is of a diffuse nature, and 
the amount of sound energy 



which Strikes the panel is Fig. 136. Arrangement of rooms and apparatus 


deterrriined therefore by the 
rate of emission of the source 
and the amount of absorp¬ 
tion in the source room. 


used by Chrisler and Snyder for measuring the 
insulation of a panel. S is the source room, R\ 
and f ?2 are the test rooms, and L is the measur¬ 
ing room. 


The warble frequency tends to overcome the defects owing to the inter¬ 


ference pattern in the room, and also minimizes any possible effects 


* E. A. Eckhardt and V. L. Chrisler, “Transmission and Absorption of Sound by 
Some Building Materials,” Scientific Papers of the Bureau of Standards, No. 526 
(April 28, 1926); Chrisler and Snyder, “Transmission of Sound through Wall and 
Floor Structures,” Bureau of Standards Journal of Research, 2, 541 (March, 1929). 
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which might be attributable to room resonance or the excitation of the 
panel at one of its natural frequencies. 

Measurements of the. intensities of sound are made on both sides of 
the aperture, with and without the test panel in place. Suppose I\ 
and 1 2 represent the intensities in the source room and test room, 
respectively, when the panel is out. When the panel is inserted, /1 will 
increase slightly, say to //, owing to the diminished absorption in the 
source room and the increased loading on the source; and / 2 will be 
diminished to 1 2 ', owing principally to the insulative action of the panel. 
If the intensity in the source room remained the same with and without 
the panel in place, the coefficient of transmission would be given approx¬ 
imately by 1%/I*, but I/ is slightly greater than it would have been 
if 1 1 had remained constant during the two sets of measurements with 
and without the panel in place. 4 Making this required correction for 
Itj the coefficient of transmission is given by 


T 


H h 
h 1^ 


(42) 


Or, if the measurements consist of pressure amplitude determinations, 
then, 



(43) 


where, as before, the primed quantities refer to the measurements ob¬ 
tained when the panel is in place, and the unprimed quantities refer to 
the measurements with the panel removed. The amplitude measure¬ 
ments are made in the usual manner by means of a condenser microphone 
and vacuum-tube amplifier. It is necessary to take a sufficient number 
of measurements to average out any remaining variations of intensity 
owing to interference effects in both rooms. 

100 . Minimal Audibility Method. It is possible to simplify the 
method of measurement just described, but with a slight sacrifice in 
accuracy, by using an attenuator in the input of an electrodynamic loud 
speaker in the source room, and by making measurements of minimal 
audibility only in the test room. This requires a perfectly quiet test 
room, and the observer should be experienced in judging minimal audi¬ 
bility. The observer stationed in the test room introduces attenuation 
in the loud-speaker circuit until the intensity in the test room reaches 
the minimal threshold of audibility, first when the panel is out and then 
when the panel is in. If the insertion of the panel in the aperture does 

4 The argument here given supposes that the test panel is less absorptive than the 
opening, which would be the case for nearly all panels which are of any practical 
interest. 
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not alter appreciably the amounts of absorption in the source and test 
rooms, then the difference between the two settings of the attenuator — 
one with the panel out and the other with the panel in — gives the T.L. 
in decibels for the test panel. If the insertion of the panel has diminished 
the absorption in both rooms, as it usually will, the effect will be to in¬ 
crease the average intensity of diffuse sound in both rooms. Thus, if 
Ei be the required rate of emission of the source to give minimal audibil¬ 
ity in the test room when the panel is in, and E 2 be the required rate to 
give minimal audibility in the test room when the panel is out, then the 
ratio of the intensities in the source room corresponding to the two con¬ 
ditions will be Ei/E 2 X di /a u where a/ is the amount of absorption 
in the source room when the panel is out and d x is the amount when the 
panel is in. Also, since the presence of the panel in the aperture has 
diminished the total amount of effective absorption in the test room, 
the E 1 /E 2 will be slightly smaller than would be the case if the amount 
of absorption in the test room had remained constant. Hence, the 
ratio of the intensity of the sound in the source room with the panel 
in and the intensity with the panel out, in order to allow the same 
amount of sound energy to flow into the test room in both cases, will be 
Ei/E 2 X a\/a\ X a 2 '/ a 2 , where a 2 ' is the amount of absorption in the 
test room with the panel out and a 2 is the amount when the panel is in. 
And this ratio gives simply the T.L. (in energy units) for the panel, the 
reciprocal of which is the coefficient of transmission of the panel at the 
frequency band used in the test. This result can be deduced more 
formally by the following considerations: 

When the panel is in place, the rate of flow of sound energy against 
the panel, for minimal audibility in the test room, will be E x A/di , 5 where 
A is the area of the panel. Therefore, if r be the coefficient of transmis¬ 
sion for the panel, the rate of flow of energy through the panel and into 
the test room will be E x A/d x X r. Hence, if l m be the intensity of 
sound in the test room at minimal audibility, it follows that 


/m = 


EiA 

-T. 

d\CI2 


(44) 


When the panel is out, the rate of flow of sound energy into the test room 
at minimal audibility will be E 2 A/ai, and therefore 




E2A 

di f d2 


(45) 


* This follows since E\ has been defined as the rate of emission of the source re¬ 
quired to produce minimal audibility in the test room when the panel is in, and the 
rate at which sound energy strikes unit area of the boundaries of the source room is, 
from Eq. (21), Ei/a x . Hence the total energy which strikes the panel per second 
will be EiA/ai. 
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Equating (44) and (45), and solving for t, 


Ej ai at 
Ei a/ a 2 ' 


( 46 ) 


If the source and test rooms contain large amounts of sound-absorptive 
materials, Oi will not differ appreciably from a/, and o 2 will not differ 
appreciably from at. Whence, approximately, 


T 


Ei 


(47) 


Or it is possible to add absorptive materials to both rooms when the 
panel is in, so that ai = a/ and a 2 = a 2) in which case (47) will apply 
directly. 

When an attenuator is used in the input of the electrodynamic loud 
speaker, as described, the ratio E 2 /E x is given in terms of the decibels 
of attenuation introduced in the loud speaker. Thus, if the difference 
between the two settings of the attenuator be 30 db, the rates of the 
emission of the source differ one thousand fold, that is, E 2 /E x would be 
0.001. If the rooms are adjusted so that (47) is applicable, the differ¬ 
ence between the two settings of the attenuator gives the T.L. for the 
panel in decibels. Slightly greater accuracy can be attained by using a 
microphone and amplifier in the test room and adjusting the attenuator 
until the output of the amplifier reads the same with or without the 
panel in place. 

101. Measurement of Intensity on Both Sides of the Test Panel. It 

is often convenient to determine the coefficient of transmission of a 
panel by comparing the intensities of the sound on both sides of the 
panel. Thus, suppose the average intensity near the panel in the source 
room be h and the average intensity in the test room be I 2 . Then the 
rate of flow of energy against the test panel in the source room will be 
hA ; and the rate at which energy will be transmitted through the panel 
into the test room will be hAr , which is the rate of emission of sound 
energy in the test room. Hence, when equilibrium is established, this 
rate of emission of sound energy will be equal to the rate of absorption 
in the test room, which is I 2 (h. Hence, hAr = Itfi 2) or 


1 2 d 2 

T ~Ti t 


(48) 


The coefficient of transmission for the panel is thus seen to involve not 
only the ratio of I 2 and /j, but also the area of the panel and the total 
amount of absorption in the test room. 

If 1 2 , h t and <*>2 can be measured by any means, (48) offers a simple 
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means of determining r. Several practical methods for measuring a 2 
were described in Chap. VII. There are several satisfactory methods 
for measuring I 2 and I\ } some of which have already been described in 
this chapter. When the measurements must be made in the presence 
of some unavoidable noise, a masking method, with the help of an 
audiometer, will be found satisfactory and simple to operate. 6 The 
audiometer, with an offset receiver cap, is adjusted until it just masks 
the test tone, first when listening in the source room and then when 
listening in the test room. The difference between the two settings of 
the attenuator on the audiometer will give the intensity difference 
between I 2 and 7i in decibels, and this difference is easily converted into 
the intensity ratio 1 2 /li¬ 
ft- Meyer measures the intensity on both sides of the panel by using 
a microphone in each room, either one of which can be connected to an 
amplifier. In this method one listens with a telephone headset con¬ 
nected to the output of the amplifier, and introduces attenuation in the 
amplifier when it is connected to the microphone in the source room 
in such an amount as will make the loudness of the tone in the headset 
the same as it is when the amplifier is connected directly to the micro¬ 
phone in the test room. In this 
manner, the acoustical attenuation 
of the panel is equalized by the 
electrical attenuation in a resist¬ 
ance network. ^ 

102. Reverberation Method. 2 
The method devised by W. C. Sa¬ 
bine, and further developed and 
used by Paul E. Sabine at the p 

Riverbank Laboratories, is essen- * ** *** 

.. ,, , r lL Time of Reverberation 

tially a method for comparing the 

intensities of sound on the two Fl °- 13 7‘ cu ™ gating the 

sides of the test panel. The sound 
in the source room, which should 

be a very reverberant room, is stopped and allowed to decay. An 
observer then measures the duration of audibility in the source room 
(which will be designated by t\) and also the duration of audibility in 
the test room (which will be designated by h). When the decaying 
sound in the source room has decayed for t 2 seconds the intensity of 
sound in the source room is of just sufficient strength to be barely 
audible on the other side of the panel. If the reverberant sound in the 

• W. Waterfall, 4 ‘An Audiometric Method for Measuring Sound-Insulation,” Jour. 
Acous. Soc., 1, 1, 209 (January, 1930). 
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test room be negligible in comparison with the direct beam of sound 
transmitted through the panel, the relations between the decay of sound 
in the source room, the transmission through the panel, and the times of 
decay are as shown in Fig. 137, which is a plot of the decay of sound in 
the source room. The steady state density of sound in the source room 
before the test tone is stopped is p 0 . If the source room be very rever¬ 
berant, log*p/p 0 = —cai/ 4Fi X t 7 will be the equation of the straight 
line shown in the figure. Fi is the volume of the source room, and the 
other symbols have been defined. Hence, the volume density of the 
sound in the source room at the instant it is just barely audible in the 
test room, which will be designated by pi, is given by the ordinate at t 2> 
and may be written 

log.- = - < 2 . (49) 

At this instant, the intensity in the test room is reduced to minimal 
audibility, which will be designated by p 2 , and is given by 



, P2 cai . 

(50) 

Whence, 

loge p1 = 4T‘^-^ 

(51) 

Or 

10 Iog 10 — = 10 X 0.434 {h - t 2 ). 

P2 4 Vi 

(52) 


Sabine calls pi/p 2 the reduction factor of the panel, and 10logi 0 pi/p2 
would be the reduction factor of the panel in decibels, which is the form 
Sabine has used for evaluating his results. It will be noted that although 
(52) provides a means of determining the relative insulation values of 
different materials and types of construction, it does not give directly 
the coefficient of transmission r of the panel, so that reduction factors 
obtained by means of (52) should not be compared directly with results 
which are expressed in terms of the coefficient of transmission. 

Buckingham 8 has developed an equation for determining the coeffici¬ 
ent of transmission of a panel by means of reverberation measurements 
in two adjacent rooms separated by the test panel. This equation is 
based upon the consideration that the rate of decay of sound in the test 
chamber is equal to the difference between the rate of absorption of 
sound by the boundaries of the test room and the rate of supply of sound 

7 If the room is not very reverberant, the a t must be replaced by —S\ log* (1 — a) 
where Si is the total interior surface and a the average coefficient of sound-absorption 
of the interior surface of the source room. See Eqs. (22) and (25). 

• Loc. cil. 
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energy through the test panel. The derivation of Buckingham’s equa¬ 
tion is beyond the scope of this book, but is obtained readily by solving 
the two simultaneous differential equations which give the rates of decay 
of sound in both the source room and the test room. If the transmis¬ 
sion of sound from the test room back into the source room be small — 
and it always will be negligibly small for panels which have any practi¬ 
cal insulation value — the coefficient of transmission is given by 


djjbi — bz)e~ bltl 
A(bie~ h2h — & 2 e~ fcl/^ ) , 


(53) 


where 61 = caJ±V h & 2 = ca 2 /4E 2 , and the other symbols have the 
significance heretofore assigned. If b 2 be considerably larger than bi, 
as it is when the test room is smaller and less reverberant than the 
source room, (53) becomes, very approximately, 

' -2 H *-<*> 


Eq. (54), like most of the other equations for determining r, is based 
upon the assumption that the sound in both the source room and the 
test room is diffuse, and that observations are made in different parts of 
the rooms so that the average values based upon these observations rep¬ 
resent average conditions in the rooms. In the reverberation method 
as used at the Riverbank Laboratory, the observer listens in the test 
room with his ear close to the panel, so that his ears are very close to the 
source of sound in the test room. Naturally, the intensity near the test 
panel is a little greater than it is at random positions in the room. By 
listening near the panel, in this manner, the observed value of the trans¬ 
mission loss for the panel would be somewhat less than it would have 
been if the observations had been made out in the central part of the 
test room. 

The author has made a series of tests on two panels using the methods 
described in Secs. 99, 101 , and 102 . That is, the two panels were tested 
( 1 ) by measuring the intensity in the test room with and without the 
test panel in the opening, ( 2 ) by measuring the intensity both in the 
source room and in the test room, and (3) by the reverberation method, 
using Eq. (54). The one panel was a -J-inch mineral-wool blanket cov¬ 
ered on both sides with a heavy grade of wrapping paper; the other panel 
was £-inch plaster board. Tests were made at frequencies of 128, 512, 
and 2048 cycles. The measurements of intensity were made in both the 
source and test rooms by introducing a sufficient amount of attenuation 
in the loud-speaker circuit to reduce the test tone to the minimal thresh¬ 
old of audibility. During the measurements, the loud speaker was 
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PLAN 

Plan of the Riverbank Acoustical Laboratories. (P. E. Sabine.) 


S I C T I O N A - A 

Section of the Riverbank Acoustical Laboratories. (P. E. Sabine.) 



Fig. 138. 
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swinging as a simple pendulum so that effects of interference were min¬ 
imized. The results of these tests are given in Table XXIV. For each 
panel the T.L. is given for each of the three frequencies. In addition, 
the average T.L. (arithmetical mean) for the three frequencies and the 
average coefficient of transmission for the three frequencies are given 
for each panel. There is admittedly a weakness in obtaining the average 
value of the T.L. for any one panel by taking the arithmetical mean of 
the T.L.’s at several representative frequencies. In fact, it is impos¬ 
sible to give an accurate rating of the insulation value of a panel by any 
process of averaging, but it is convenient to be able to describe the insula¬ 
tion value of partitions by single numbers, and consequently average 
values , such as the ones given in Table XXIV, are commonly employed. 
They should be used only for purposes of approximate calculations, but 
with a proper understanding of what the average means and with a 
knowledge of the insulative properties of partitions at all frequencies, 
they will be found to be very convenient. It is fortunate for purposes 
of calculation, however, that these average values of T.L. usually corre¬ 
spond quite closely to the T.L. for the frequency range between 512 and 
1024 cycles, that is, the range for which the sound level of most noises 
is a maximum. 


Table XXIV 



Method 1 
Intensity 
with and 
without 
Panel in 
Place 

Method 2 

Intensity 
on Both 
Sides of 
the Panel 

Method 3 

Reverbera¬ 
tion Meas¬ 
urements 

Average of 
the Three 
Methods 

J-in. Mineral Wool Blanket 
T.L. (128 cycles) 

11 4 db 

12 8 db 

13 0 db 

12 4 db 

T.L. (512 cycles) . 

14 2 “ 

15 2 “ 

15 7 “ 

15 0 « 

T.L. (2048 cycles). 

18 8 “ 

18 7 a 

20 3 a 

19 3 “ 

T.L. (average) ... 

14 8 “ 

15 6 “ 

16 3 “ 

15 6 “ 

r (average)... 

0 033 

0 028 

0 024 

0.028 

J-in. Plaster Board 

T.L. (128 cycles). 

26.7 db 

26 9 db 

27 3 db 

27 Odb 

T.L. (512 cycles). 

28 8 “ 

27 6 “ 

27 5 a 

28.0 a 

T.L. (2048 cycles) . 

32 7 “ 

32 7 * 

33.6 “ 

33.0 “ 

T.L. (average). 

29.4 “ 

29.1 a 

29.5 “ 

29 3 * 

r (average). 

0.00115 

0 0013 

0 0011 

0.00116 
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As will be noted in the table, the results obtained by the three differ¬ 
ent methods of measurement are in very good agreement. The differ¬ 
ences are no larger than the errors in the measurement of minimal audi¬ 
bility, namely, about 1 to 2 db. The good agreement obtained by these 
three different methods would seem to indicate that the results from dif¬ 
ferent laboratories should be in fairly good agreement if all the test 
panels are made to the same specifications, and if all the data are re¬ 
duced to the coefficients of transmission or the T.L.’s — quantities which 
do not depend upon the method of testing or the acoustical properties 
of the source and test rooms. Unfortunately, however, the agreement 
among the data from different laboratories does not turn out to be so 
good as the tests by the three different methods on these two panels 
would indicate. There are apparently a number of factors which enter 
into the making of sound-insulation tests which are not yet under proper 
control. In using the data, therefore, the architect should appreciate 
that there exist appreciable discrepancies among the results published 
by different investigators. In spite of these discrepancies, however, 
the existing data on the sound-insulation of different materials and differ¬ 
ent types of structure are of very great value in guiding the design of 
buildings where the insulation of sound is a prime requisite, and those 
which will be given in the following chapter arc sufficiently accurate for 
all practical problems which arise in the design of sound-insulation for 
buildings. 



CHAPTER XII 


THE INSULATION OF SOUND — INSULATION DATA 

103. General Considerations. The results of sound-insulation meas¬ 
urements obtained in different acoustical laboratories have been grouped 
into a number of tables which will be given in this chapter. Each table 
contains the data for materials or partitions having a number of proper¬ 
ties in common. The data in each table have been further grouped so 
as to keep together the data from each laboratory. This facilitates com¬ 
parisons of similar panels tested in the same laboratory. For conven¬ 
ience in referring to the tables, the names of the panels in each group 
have been alphabetized. Table XXV contains the data for porous- 
flexible materials, as felts, blankets, fabrics, and fibre boards; Table 
XXVI the data for thin rigid partitions, as plaster board, wood veneer, 
and sheet metal; Table XXVII, doors and windows; Table XXVIII, 
masonry and rigid partitions, as clay and gypsum tile, brick, and con¬ 
crete; Table XXIX, wood stud or metal channel iron and plaster; 
Table XXX, floor and ceiling partitions; Table XXXI, composition 
partitions, such as combinations of rigid and porous-flexible materials, 
special wood partitions, sound-studio partitions, et cetera; and Table 
XXXII, double walls. In addition to the insulative properties of each 
partition there are given data on the composition of the partition, its 
mass per square foot of wall section, its thickness, and other special 
features. 

The method of presenting the insulative data in the tables requires 
explanation. It would be very confusing to the architect if only the 
published data from the different laboratories were presented, since these 
data do not, as a rule/ admit of direct comparison; and even where 
comparisons would seem to be warranted the agreement is not very satis¬ 
factory. The data from most laboratories give what has been called 
the reduction factor for the panel or partition tested. This reduction 
factor , in some instances, is the ratio of the intensities of the sound on 
both sides of the test panel, or ten times the logarithm of this ratio, and, 
as was shown in the preceding chapter, this ratio depends not only upon 
the insulative properties of the panel but also upon the size of the panel 
and the absorptive properties of the source and test rooms. In other 
instances, the reduction factor is given in terms of the coefficients of 
transmission or the T.L.’s for the panels. An attempt has been made 

299 
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therefore to adjust the data from different laboratories in such a manner 
as to give comparable ratings for all the materials and partitions listed 
in the tables. In spite of the rather large discrepancies among the data 
from different laboratories it is possible, in most instances, to make 
adjustments so that the data from all laboratories will be approximately 
comparable. The manner in which these adjustments have been made 
is indicated by the experimental curves for rigid panels shown in Fig. 139. 
The various broken lines in this figure show the reduction factors, 1 re¬ 
ported by different investigators, plotted as a function of the logarithm 
of the mass per unit area of the rigid partition. It will be noted that 
nearly all investigators find a direct proportion between the reduction 
factor and the mass per unit area of the rigid partitions, as is indicated 



Fig. 139. Reduction factors obtained by different laboratories plotted in terms of 
the logarithm of the weight in pounds per square foot of the panel. 


by the straight lines which seem to give the best interpretation of the 
data. The straight lines, however, differ both in slope and in their inter¬ 
cepts. 2 The data from Meyer, the Bureau of Standards, Holtsmark, 

1 In most cases the reduction factor corresponds closely to what has been defined 
in this book as the T.L., and is given in decibels. 

* It will be noted that there are two straight lines for Sabine's data — one for heavy¬ 
weight partitions, such as plastered tile, brick, or wood stud partitions, and another 
for light-weight panels, such as windows and doors. The two curves give a more ac¬ 
curate representation of his data than could be obtained with a single carve. This 
may be accounted for, in part at least, by the relatively important role played by the 
stiffness and the size of the panels in the case of the light-weight panels. The wide 
separation between Sabine's curve for heavy-weight partitions and the probable aver¬ 
age curve, especially for partitions having a weight of about 10 to 20 pounds per square 
foot, is difficult to explain. (See Knudsen, Jour. Acous. Soc., 2, 129 [July, 1930], 
and Sabine, Jour. Acous. Soc., 2, 506 [April, 1931].) It is probable that many of the 
rigid partitions in this weight range which were tested by Sabine possessed peculiar 
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and Knudsen give the average T.L.’s for the panels tested, and should 
be independent of the properties of the test room, and the methods 
of testing. This probably accounts for the relatively good agree¬ 
ment among the data from these four sources. The heavy, solid line 
gives what the author considers to be the most probable value of the 
T.L. (that is, 10 logio 1/r) for rigid panels of different weights per square 
foot of wall section. By the use of this solid-line curve, in conjunction 
with the other dotted curves in Fig. 139, appropriate adjustments can 
be made for the data from different laboratories so that all data will be 
at least approximately comparable. For example, for rigid panels hav¬ 
ing weights of about 40 pounds per square foot it is necessary to add 
about 1.0 db to the data of Meyer, 2.5 db to the data of Holtsmark, and 
6.0 db to the data of Sabine, and to subtract about 1.0 db from the data 
of Knudsen, 4.0 db from the data of the Bureau of Standards, and 15.5 
db from the data of Heimburger, in order that the data from the differ¬ 
ent laboratories on such panels be comparable. Similar adjustments 
can be made for the data on rigid panels weighing between about 1 and 
100 pounds per square foot, although the accuracy of the adjustments 
will be uncertain for panels or partitions weighing less than about 10 
pounds per square foot, owing to the effects of stiffness, size of panels, 
and the nature of clamping around the edges, which will be pertinent for 
light-weight panels. Although the curves in Fig. 139 apply only to 
rigid panels, the curves are serviceable for adjusting the data from the 
different laboratories on other types of panels and partitions. Thus, a 
panel rated at 30 db by the Bureau of Standards should be diminished 
by about 3.0 db, and a panel rated by Sabine at 30 db should be increased 
about 7.0 db in order that the data for the two panels be comparable. 
In this way, it is possible to adjust the sound-insulation data from differ¬ 
ent laboratories, and thus obtain not only more comparable ratings for 
all panels and partitions which have been tested in the different labora¬ 
tories but in many instances ratings which are certainly in better accord 

characteristics which did not conform to the simple ?nass reaction which character¬ 
izes most heavy-weight partitions. For this reason, it is possible that the adjustments 
for Sabine's reduction factors in this range, as indicated by Fig. 139, are somewhat 
larger than they should be. It is possible therefore that some of the “ Probable Aver¬ 
age Values of T.L.” given in the table for partitions tested by Sabine (particularly 
those partitions for which Sabine obtained an average reduction factor of 25 to 35 db) 
are 2 or 3 db higher than the facts would warrant. However, the data on sound- 
insulation from practically all sources seem to warrant approximately such adjust¬ 
ments as have been made in the tables, and certainly the probable average values 
given in the last two columns in the tables give a fairer rating to the insulative value 
of the different partitions than would be given by the average reduction factors re¬ 
ported by the different laboratories. 
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with the facts than are the ratings published by some laboratories. It 
is probable that sound-insulation data which have been adjusted by means 
of the curves in Fig. 139 are not in error by more than 2 or 3 db. The 
data on the “ Probable Average Value of T.L.” given in the next to the 
last column in all the tables have been obtained by applying these adjust¬ 
ments to the average reduction factors obtained by different laboratories 
or investigators. 

The data given in the tables include (1) a brief description of the panel 
or partition; (2) the weight in pounds per square foot of the panel; 
(3) the reduction factors as obtained by the different laboratories, 
usually at frequencies of 128, 256, 512, 1024, and 2048 cycles; (4) the 
authority for the data; (5) the “ Probable Average Value of T.L./’ 
based upon corrections given by the curves in Fig. 139; and (6) the 
“ Probable Average Value of r,” computed from the “ Probable Average 
Value of T.L.” 3 The reduction factors at the different frequencies are 
very useful since they describe how the insulation value of the panel 
depends upon the frequency or pitch. This is often an important 
matter in the selection of materials or partitions for sound-insulation. 
For example, partitions which have a relatively low insulation value in 
the frequency range of 500 to 1000 cycles would not be suitable for the 
insulation of most noises met in buildings, since most of such noises con¬ 
tain a relatively large amount of sound energy in this frequency range. 
For this reason, the panels which show the highest values of T.L. may 
not supply the greatest amount of sound-insulation for all types of noise. 
It is necessary, therefore, in determining the best type of partition for 
each problem which arises in sound-insulation, to give consideration to 
the insulation values at the different frequencies as well as to the average 
value of T.L. or r. 

It is unfortunate that the data from the different laboratories are not 
in better agreement so that they would be directly comparable without 
making the adjustments which have just been described. However, 
when it is remembered that the making of sound-insulation measure¬ 
ments is a relatively new branch of science, that different methods of 
measurement have been used at different laboratories, that different¬ 
sized panels have been used, and that there are unavoidable differences in 
composition and structure of the panels, it is obvious that some adjust¬ 
ment must be made if the data are to be comparable, and thus of the 
greatest use to the architect and engineer. In addition, there has been 
no uniform practice at the different laboratories in regard to the choice 
of frequencies of test tones. If an average value be based upon a rela¬ 
tively large number of measurements at high frequencies and a relatively 

* 10 logio l/r = T.Lj 
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small number of measurements at low frequencies the average result 
will be higher than it would be if the average were based upon a large 
number of measurements at low frequencies and a small number of 
measurements at high frequencies. This is the case since nearly all 
panels have considerably more insulation against high-frequency sounds 
than they do against low-frequency sounds. 

The curves in Fig. 139 do not contain the data of Davis and Littler 
from the National Physical Laboratory. The reason for this is that the 
data available from Davis and Littler on rigid panels were insufficient to 
construct a curve. However, their data on such materials as they have 
tested, which may be compared with materials that have been tested in 
other laboratories, show that their average values of T.L. are about 2 db 
higher than would be indicated by the probable average value curve 
given in Fig. 139. A likely reason for this is that their data are based 
upon measurements above 300 cycles, and consequently the average 
values of T.L. would be too high. Accordingly, the “ Probable Average 
Value of T.L.” for their data have been reduced 2 db. 

In some instances only the reduction factors obtained by the various 
investigators have been entered in the tables. In these instances — 
usually for materials having a low insulation value — it was quite im¬ 
possible to determine what, if any, adjustments should be made to the 
average reduction factors in order to convert them into probable aver¬ 
age values of T.L. 

Partitions which possess outstanding merit with regard to both insula¬ 
tion value and practicability have been designated by the use of bold 
type for the description of the partition. 

104. Tabulated Data on the Insulative Properties of Different 
Building Materials and Different Types of Wall, Floor, and Ceiling 
Constructions. 
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Table XXV 

POROUS-FLEXIBLE MATERIALS AND FIBRE BOARDS 


Description of Panel 

Weight 
in Lb. 
per 

Square 

Foot 

Reduction Factors in 

db 

Authority 

Prob¬ 
able 
Aver¬ 
age 
Value 
of T.L. 
in db 

Prob¬ 
able 
Aver¬ 
age 
Value 
of r 

128 

256 

512 

1024 

2048 

cycles per second 

Airplane fabric, doped and 







Bureau of 



varnished. 

0 055 


3 6 

3 0 

5 9 

10 1 

Standards* 



Celotex, carpet lining, 1' 

27 


13 4 

12 4 

15 1 

21 5 

“ 

14 

0 040 

Celotex, like above, 4' 

53 


21 4 

18 8 

22 3 

24 6 

“ 

■ * 

010 

Celotex, standard, i' 

30 


14 2 

14 7 

18 0 

23 5 

“ 

15 

032 

Celotex, like above, 1' 

06 


22 4 

17 3 

23 4 

27 4 

“ 

20 

010 

Insulite, J*. 

39 


16 2 

15 2 

19 7 

25 2 

*• 

16 

025 

Insulite, A*. 

43 


19 5 

17 1 

§20 

26 1 

“ 

18 

016 

Insulite, 4'. 

75 


22 2 

WXa- l 

24 1 

20 9 


19 

013 

Wrapping paper, heavy 

016 


1 4 

1 5 

1 7 

3 3 

“ 



Cabot’s Quilt, 4', four layers 




19 4| 



P. E Sabine 

22 

0063 

Flax-b-num, 4', four layers. 




26 It 



“ 

30 

001 

Hair felt, T. 

75 

4 9 

4 6 

■O 

7 1 

6 7 

“ 



Hair felt, V . 




9 3f 



* | 



Hair felt, 3*. 




11 8f 



* 



Hair felt. 4'. 


7 5 

12 5 

15 3 

19 7 

19 4 

a 



Hair felt, 1*, three layers al¬ 










ternated with four layers 










building paper. 




27 9f 



** 

32 

00063 

Hair and fibrous asbestos, 










mixed, 4 "i covered with 










heavy' paper, stitched at 16" 










intervals. 

1 13 

15 3 

17 2 

17 4 

19 1 

22 9 


21 

0080 

Seaweed, 4% covered with 










light paper stitched at 3' 










intervals. 

.298 

roll 

8 5 

8 5 

7 3 

7 4 

41 



Vegetable fibre, coarse, 










woody, 4*» pressed into flex¬ 










ible boards. . 

625 

iTil 


10 6 


OJ 

u 



Cartridge paper, 0.0088'. 

031 



1 5 



Davis and 










LittlerJ 



Compressed board, 0.19'. 

. 61 


13 8 

16 0 

25 3 


a 

16 

025 

Eelgraas Quilt, 0.5'. 

20 



5 0 



u 



Fibre board, 0.5'(No. 1) . 

75 


15 5 

19 0 

29 0 


tt 

19 

013 

Fibre board, 0.46' (No. 2) 

66 


14 0 

19 0 



m 

18 

016 


* Reduction factors from the Bureau of Standards, for the most part, are for the following frequency 
bands : 150 to 157, 250 to 285, 500 to 547, 1000 to 1070, and 2000 to 2175 cycles. The data for the several fre¬ 
quency bands are recorded under the frequencies to which the frequency bunds most nearly correspond, 
t Average value from 128 to 2048 cycles. 

1 Davis and Littler’s reduction factors are for frequencies of 300, 500, and 1000 cycles. Their values 
are recorded under 250, 612, and 1024 cycles, respectively. 
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Table XXV — ( Continued ) 

POROUS-FLEXIBLE MATERIALS AND FIBRE BOARDS 




Reduction Factors in db 




Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 








Prob¬ 
able 
Aver¬ 
age 
Value 
of r 

m Lb. 
per 

Square 

128 

256 

512 

1024 

2048 

Authority 


Foot 







of T.L. 




cycles per second 



in db 

Fibre board, 0.29' (No. 3) 

0 46 


10 5 

16 5 

24 5 


Davis and 

15 

0 032 








LittlerJ 



Fibre board, 0.42' (No. 4) . 
Fibre boards (Nos. 3 and 4), 

57 



16 5 

26 0 


a 

19 

013 

layer eelgrass quilt between 
Fibre boards (Nos 2 and 4), 



11 0 

25 5 






insulated by air space 23' 
wide (one on outer side of 
each of two brick walls sep¬ 
arated by 5' air space) 



24 0 

40 0 

49 0 


a 

36 


Fibre boards (Nos. 3 and 4) 
as above 

Fibre boards (Nos. 3 and 4) 




27 5 

45 5 


a 



as above, with layer eelgrass 
quilt hung loosely in inter- 






i 




space 

Fibre boards (Nos. 2 and 4) 
on lj' wood framework, 62' 
X46'X41', built into aper¬ 




38 5 

59 5 


a 



ture 

Fibre boards (Nos. 2 and 4) 



28 0 

29 0 

39 0 

i 


u 

30 

001 

as above, with interspace 
filled with cotton waste (1 3 
lb. per square foot) 



29 0 

31 0 

41 5 


* 

32 

00063 

Hair felt, 0.58' 

Hair felt, like above, two 

58 


6 2 

6 1 

6 3 


a 



layers . 

Hair felt, like above, three 

1 16 


9 6 

10 5 

11 7 


u 

9 

13 

layers . 

Hair felt, like above, four 



12 7 

13 9 

17 3 


m 

13 

.050 

layers. . . . 



14 7 

18 8 

23 0 


a 

17 


Sailcloth, 0.037'. 

14 


4 5 

8 5 

14 5 


a 



Sailcloth, 0.025' 

09 


3 0 

5 0 

10 0 


u 



Sailcloth, 0.025'. 

07 


1 0 

4 0 

9 0 


a 



Inao Board, 


17 0 


20 2 


21 3 

V. O. Knud- 

19 

013 








sen 



Rock Wool blanket, 1', cov¬ 
ered on both sides with heavy 
brown paper . 


15 5 


17 8 


18 4fi 

m 

16 

.025 

Upson Blue Stripe Insulation 


14 0 

15 1 

16 0 

18 5 

21 1 

m 

16 

.025 

Cork board, 2' . 




37 4§ 



E. Petsold 




X For frequencies of 300, 300, and 1000 cycles. See note on pace 304. 
§ Avenge value of reduction factor given by E. Petsold. 
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Table XXVI 

THIN RIGID MATERIALS 


Description of Panel 

Weight 
in Lb. 
per 

Square 

Foot 

Reduction Factors in db 

Authority 

Prob¬ 

able 

Aver¬ 

age 

Value 
of T.L. 
in db 

Prob¬ 

able 

Aver¬ 

age 

Value 

of r 

128 

256 

612 

1024 

2048 

cycles per second 

Aluminum, 0.006'. 

0 075 


3 7 

5 6 

7 7 

12 6 

Bureau of 










Standards* 



Aluminum, 0.025' 

35 


17 9 

13 2 

17 7 

23 2 

- 

10 

0 025 

Duralumin, 0.020' 

33 


14 1 

12 5 

17 6 

22 5 

U ' 

15 

032 

Iron, 0.03' galvanized 

1 2 


25 3 

20 5 

28 8 

35 0 


25 

0032 

Lead, A' . . . . 

3 90 


31 8 

33 2 

32 0 

32 1 

* 

30 

0010 

Lead. J' 

8 2 


31 0 

27 2 

37 5 

43 8 

« 

32 

00063 

Plywood, i', three-ply 

52 


19 0 

17 5 

22 0 

20 7 


19 

013 

Plywood, i ', three-ply 

73 


21 0 

20 7 

25 5 

20 0 

“ 

21 

0080 

Mahogany, 1.85' 

4 9 


26 0 

27 0 

36 0 


Davis and 

28 

0016 








Littlvrf 



Matchboard, each strip 46'X 










5'X$', on framework of 1$' 










wood 62'x46'x4$', built in¬ 










to aperture 

1 31 


20 5 

22 0 

33 0 



23 

0050 

Matchboard, double, as above 



32 5 

27 5 

43 5 



33 

00050 

Plywood, 0.6', mahogany 










faced . 

1 4 


1 21 0 

24 0 

33 0 


tt 

24 

0040 

Plaster board, §'. 


27 0 


28 0 


33 0 

V. O. Knud- 

28 

0016 








sen 



Plywood, J'. 

45 

12 

16 

17 

22 

26 

E. Meyer 

17 

020 

Sheet Iron, 0.08'. 

3 2 

1 


33 1! 




33 

00050 


* For frequency hands of 150 to 157, 250 to 285, 500 to 547, 1000 to 1070, and 2000 to 2175 cycles. See 
note on page 304. 

t For frequencies of 300, 500, and 1000 cycles. See note on page 304. 

|| Average value from 100 to 3000 cycles. 
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Table XXVII 
DOORS AND WINDOWS 




Reduction Factors in db 


Prob- 

Prob¬ 

able 

Aver¬ 

age 

Value 

Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 







able 

in Lb. 
per 

Square 

128 

256 

512 

1024 

2048 

Authority 

Aver¬ 

age 

Value 

Foot 







ofT L. 




cycles per second 



in db 

of T 

Doors 










Birch veneer, light, four 

panel. 

"Cold storage” door, double 


13 0 

16 1 

20 4 

22 8 

22 0 

P. E. Sabine 

22 

0 0063 

wall, 4' 


16 4 

20 8 

27 1 

29 4 

28 9 


29 

0013 

Fabricated, hollow, flush or 
sanitary door, If* 
Fabricated, like above, hung 




22 7t 




27 

0020 

in usual manner 

Maple veneer, paneled, two 




20 8t 




24 

0040 

doors hung with V separa¬ 
tion in single casement 




25 Of 




30 

001 

Oak, solid, 1J # , with cracks 
as ordinarily hung 

Oak, like above, well sea- 


11 5 

15 1 

20 4 

22 0 

16 2 


20 

01 

soned and air tight 


15 1 

18 2 

22 8 

25 7 

25 2 


25 

0032 

Oak, solid, swollen wdth 
dampness 

Refrigerator door, 5) r yel¬ 


20 0 

19 0 

22 8 

25 7 

26 1 


26 

0025 

low pine filled with cork. 




24 6t 




29 

0013 

Steel, solid, J* .... 

Model door panel and jamb 


25 1 

26 7 

31 1 

36 4 

31 5 


35 

00032 

Panel just making con¬ 







V. O. Knud- 



tact against jamb 


30 6 


30 4 


44 0 

sen 

34 

00040 

Force of puncl against 
jamb, 400 lb. 


34 1 


34 8 


48 0 

« 

38 

00016 

Force of panel against 
jamb, 800 lb. . 

Rubber strips removed 
from outer step of jamb. 


34 1 


35 2 


48 0 

- 

38 

00016 

Panel just making con¬ 
tact against jamb. 


21) 7 


27 3 


35 2 

u 

30 

0010 

Force of panel against 
jamb, 267 lb. 


31 4 


29 2 


39 4 

M 

33 

00050 

Force of panel against 
jamb, 533 lb.. 


32 9 


29 2 


40 1 

* 

34 

00040 

Wood door, 1J', six panels, J' 
Wood doors, like abovo, two, 

3 7 




33 6** 


G. Heimburger 

31 

00080 

separated 4 $ m 





55.7" 


U 

43 

000050 


t Average value from 128 to 2048 cycles. 

H The tests on this door and jamb woro conducted for the purpose of determining the effect of the type 
of “ seal ” on the insulation furnished by a door. The door and jamb both terminated in three right- 
angle steps, so that the door made contact against the jamb at throe separate stops (sec Fig. 272). The 
stops on the jamb were made of 1-in. strips of live India rubber. On the door were three 1-in. wood half 
rounds which wore forced against the rubber strips when the door was closed. The data listed in the 
table show the effect of changing the pressure against the door and also the effect of reducing the number 
of stops from three to two. 

•• Average value 600 to 1200 cycles. The high frequencies used by Heimburger are partially responsible 
for the relatively high reduction factors which he obtained. The nature of the source of sound he used — 
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Table XXVII — ( Continued ) 
DOORS AND WINDOWS 


Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 
in Lb. 
per 

Square 

Foot 

Reduction Factors in db 

1 

Authority 

Prob¬ 
able 
Aver¬ 
age 
Value 
of T.L. 
in db 

Prob¬ 
able 
Aver¬ 
age 
Value 
of r 

128 

256 

512 

1024 

2048 

cycles per second 

Doors — Continued 










Wood doors like above; one. 










1A'. with l* felt com- 










pressed to A/ between the 







G. Heim- 



doors 





47 6** 


burger 

39 

00013 

Wood doors like above, tested 










over door crack 





25 8** 


« 



Windows 










Glass, plate, i' 

3 5 


32 6 

30 9 

33 5 

34 2 

Bureau of 

30 

0010 








Standards 



Glass, double strength 

1 6 


26 2 

27 4 

30 8 

33 0 

“ 

27 

0020 

Glass, 1 *, twelve panes 


16 9 

18 3 

21 5 

25 8 

23 6 

P. E. Sabine 

25 

0032 

Glass, plate, A'. four panes 


21 4 

19 0 

24 1 

25 1 

21 8 

« 

26 

0025 

Glass, A'* small leaded 










panes. 


19 2 

20 0 

24 3 

31 4 

27 8 

44 

29 

0013 

Glass, plate. A', two panes 


17 2 

15 9 

19 7 

24 6 

22 6 

U 

23 

0050 

Glass, plate. A', two panes, 










double glased, set in felt 


18 5 

19 6 

25 6 

32 3 

30 8 

44 

30 

0010 

Glass, as above, set in putty 


18 0 

19 6 

25 1 

27 3 

21 8 

41 

27 

0020 

Glass, triplex, A'.four panes 


17 5 

13 6 

22 6 

24 5 

22 0 

44 

23 

0050 

Glass, plate, J', single pane 


21 8 

20 8 

23 0 

25 1 

19 0 

41 

25 

0032 

Glass, plate, i', four panes. 


23 2 

20 8 

26 4 

27 5 

22 8 

14 

29 

0013 

Glass, plate, double 










glazed, sashes in contact 




29 3f 



44 

35 

00032 

Glass, plate, 1', double 










glazed, 11' separation ... 




34 Of 



« 

40 

0001 

Glass, plate, i', double 










glazed, 41' separation 




35 3f 



41 

41 

000080 

Glass, plate, 1', double 










glazed, 71' separation 




38 9f 



14 

45 

000032 

Glass, plate, 1', double 










glazed, 91' separation .. 

.. 



40 7f 



If 

46 

.000025 

Glass, plate, 1', double 










glased, 131' separation. 




42 5f 



44 

47 

000020 

Glass, plate, l*. double 










glazed, 16' separation.. 




43 Of 



44 

48 

000016 

Glass window, single, closed 










tight . 




32 8$ 



E. Petzold 



Glass window, single, poorly 










closed .... ... 




4 2} 



« 



Glass window, double. 










closed tight . 




52 08 



* 



Glass window, double, poorly 










closed . 




16 48 



m 




a loud speaker directed at and placed near the partition, and enclosed by a small shell — also would tend 
to give high reduction factors, especially for very heavy and rigid partitions. Since the reaction of a panel 
or partition to sound vibrations is largely a mass-reaction it is necessary that the incident sound radiata 
against the entire panel when making insulation measurements, 
t Average value from 128 to 2048 cycles. 

| Average value of reduction factor given by E* Petsold. 
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Table XXVIII 
RIGID PARTITIONS 
(Tile, Brick, Concrete, etc.) 


Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 

Reduction Factors in db 


Prob¬ 

able 

Prob- 

in Lb. 
per 

Square 

128 

256 

512 

1024 

2048 

Authority 

Aver¬ 

age 

Value 

able 

Aver¬ 

age 

Foot 


cycles per second 



of T.L. 
in db 

of r 

Brick panel, Mississippi, 8'; 
plastered both sides gypsum 
brown coat, smooth white 
finish; good workmanship 

87 


50 2 

47.6 

55 5 

63 5 

Bureau of 

50 

0 000010 

Brick panel. New Hampshire, 
8*; plastered both sides 
gypsum brown coat, smooth 
white finish; poor workman¬ 
ship 

92 


47 7 

48 1 

55 6 

56 3 

Standards* 

U 

48 

000016 

Brick panel, as above, good 
workmanship 

97 


47 7 

49 4 

57 0 

59 2 

u 

49 

000013 

Brick, New Hampshire, laid 
on edge, furring strips wired, 
gypsum plaster board, plas¬ 
tered both sides gypsum 
scratch and brown coats, 
smooth white finish 

36 5 


52 1 

47 4 

56 5 

53 9 

m 

48 

000016 

Brick, as above, except fur¬ 
ring strips nailed . 

38 2 


46 8 

44 3 

54 4 

61 3 

u 

48 

000016 

Brick, as above, except In- 
sulite replaced gypsum plas¬ 
ter board 

33 3 


48 8 

50 5 

59.8 

55 8 

a 

50 

000010 

Brick, as above, except fur¬ 
ring strips wired, plaster ap¬ 
plied directly to brick sur¬ 
face 

31 6 


40 0 

36 9 

48 7 

59 1 

! 

« 

43 

000050 

Tile, clay, three-cell, 3'X12' 
X12', plastered both sides 
gypsum scratch coat, very 
thin smooth-finish coat.. 



39 1 


35 7 

59 3 

i 

l 

1 

« 

41 

000080 

Tile, as above, except lime 
plaster. 



38 5 


39 2 

46 8 

m 

38 

00016 

Tile, hollow clay partition, 
three cells, 3' X 12' X 12', 
plastered both sides gypsum 
brown coat, smooth white 
finish. 

28 


41 2 

38 7 

43 5 

50 4 

m 

40 

.00010 

Tile, hollow clay partition, 
three cells, 4* x 12' x 12*. 
plastered both sides gypsum 
brown coat, smooth white 
finish .. 

29 


41 1 

40 0 

41 5 

49 9 

« 

40 

.00010 


* For frequency bands of 150 to 157, 250 to 285, 500 to 547,1000 to 1070, and 2000 to 2175 cycles. See 
note on page 304. 





310 THE INSULATION OF SOUND — INSULATION DATA 


Table XXVIII — ( Continued ) 
RIGID PARTITIONS 


Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 

Reduction Factors in db 


Prob¬ 

able 

Prob¬ 
able 
Aver¬ 
age 
Value 
of r 

in Lb. 
per 

Square 

128 

256 

512 

1024 

2048 

Authority 

Aver¬ 

age 

Value 

Foot 


cycles per second 



of T.L. 
in db 

Tile, like above, laid so that 
no flues over 2' in length, 
plastered as above 

29 


42 0 

36 7 

42 3 

50 6 

Bureau of 
Standards* 

40 

0 00010 

Tile, like above, wood fur¬ 
ring strips, paper, metal lath, 
gypsum scratch and brown 
coats, smooth white finish 

34 


55 6 

52 8 

57 3 

57 6 

a 

52 

0000063 

Tile, hollow clay load-bearing, 
six cells, 6' X 12' X 12', 
plastered both sides gypsum 
brown coat, smooth white 
finish 

39 


38 8 

42 1 

46 6 

53.5 

u 

42 

000063 

Tile, hollow clay partition, 
three cells, 6' X 12' X 12', 
medium burned, plastered 
both sides gypsum brown 
coat, smooth white finish 

37 


41 2 

35 4 

45 1 

52 1 

« 

40 

00010 

Tile, hollow clay soft parti¬ 
tion, three cells, 6' X 12' X 
12', plastered both sides 
gypsum brown coat, smooth 
white finish 

37 


41 1 

42 0 

43 7 

50.1 

« 

41 

000080 

Tile, hollow clay, six cells, 
8' X 12' X 12', plastered both 
sides gypsum brow n coat, 
smooth white finish 

48 


44 3 

44 5 

48 9 

58.0 

* 

45 

000032 

Tile, hollow clay, two units, 
31' X 12' X 12'and 8' X 12' 
Xl2' t end construction, plas¬ 
tered both sides gypsum 
brown coat, smooth white 
finish 

65 


49 4 

40 1 

37.0 

55.2 

u 

42 

.000063 

Tile, hollow clay, two units, 
3J' X 5' X 12', and 8' X 5' 
X 12', side construction, plas¬ 
tered both sides gypsum 
brown coat, smooth white 
finish ... ... 

66 


49 4 

46 3 

48 7 

53.3 

• 

* 46 

.000025 

Tile panel, hollow clay, con¬ 
structed of Heath cubes, 
plastered both sides gypsum 
brown coat, smooth white 
finish . 

55 

. 

48.6 

46 3 

48 4 

55 4 

m 

46 

000025 


* For frequency bands of 150 to 157, 250 to 285, 500 to 585, 1000 to 1070, and 2000 to 2175 cycles. See 

note on page 304. 










TABULATED DATA ON THE INSULATIVE PROPERTIES 311 


Table XXVIII — ( Continued ) 
RIGID PARTITIONS 


Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 

Reduction Factors in db 


Prob¬ 

able 

Prob- 

in Lb. 

pei 

Square 

128 

256 

512 

1024 

2048 

Authority 

Aver¬ 

age 

Value 

able 
Aver¬ 
age 
Value 
of T 

Foot 


cycles per second 



of T.L. 
in db 

Tile, hollow clay partition, 
three cells, 4' X 12' X 12', 
wood furring strips, Insu- 
lite, gypsum brown coat, 
smooth white finish . 

34 


52 2 

51 9 

60 9 

61 1 

Bureau of 
Standards* 

53 

0 0000050 

Tile, as above, except Mason¬ 
ite replaced Insulite 

28 


55 3 

53 2 

56 8 

68 8 

U 

54 

0000032 

Tile, like above, pads, wood 
furring strips, Insulite, gyp¬ 
sum brown coat, smooth 
'white finish 

34 


55 7 

52 4 

53 3 

60 2 

u 

52 

0000063 

Tile, hollow' clay, 4', unplas¬ 
tered 

17 

24 5 

24 1 

26 1 

35 5 

29 8 

P. E. Sabine 

35 

.00032 

Tile, like above, \ ' plaster 

22 

25 1 

24 3 

26 9 

38 2 

33 9 

u 

38 

00016 

Tile, like above, 1' plaster 

27 

27 3 

26 9 

30 3 

39 8 

39 8 

u 

40 

00010 

Tile, like above, 1J' plaster . 

28 8 

28 0 

27 4 

31 9 

40 4 

40 2 

a 

41 

000080 

Tile, hollow gypsum, 3', un¬ 
plastered 

11 1 

19 2 

18 7 

20 8 

28 5 

30 0 

« 

31 

00080 

Tile, solid gypsum, 2', un¬ 
plastered 

10 4 

18 1 

18 1 

20 4 

25 3 

27 9 

a 

30 

0010 

Tile, like above, \' plaster 

15 0 

21 9 

21 0 

24 6 

30 8 

33 7 

u 

34 

00040 

Tile, like above, 1' plaster 

10 6 

22 9 

23 8 

27 5 

36 9 

37 6 

u 

38 

00016 

Tile, like above, If' plaster . 

21 4 

22 9 

24 2 

27 6 

37 6 

38 2 

“ 

38 

00016 

Tile, solid gypsum, 3', un¬ 
plastered 

14 2 

19 4 

19 0 

21 9 

33 5 

35 4 

U 

33 

00050 

Tile, like above, 1J' plaster 

25 4 

24 5 

26 0 

31 2 

39 8 

40 2 

u 

40 

00010 

Bricks, Fletton, and lime 
mortar, 4$', fine cracks vis¬ 
ible 

Brick wall, solid, 12', erected 
inside of brick kiln. 

41 

98- 

46 2 


56 4 

58 0 

60 0 

Davis and 
Littler 

V. O. Knud- 

sen 

52 

.0000063 

Brick wall, 12', with 4' air 
space filled with ground clay, 
erected as above . 

102 

45 6 


55 7 


62 1 

u 

52 

0000063 

Tile, porous clay, 2J', A' 
lime plaster each side. 

25 6 




57.0** 


G. Heim- 
burger 

43 

000050 

Tile, porous clay, 6', f' lime 
plaster each side. 

45 0 



* * 1 

63.7** 


* 

47 

000020 

Tile, cinder concrete, 2', 
without plaster . 

12 3 



| 

! 

14.8** 


U 

16 

026 

Tile, like above, A' lime 
plaster each sido. 

19 2 

• 



51.9** 


- 

40 

00010 


* For frequency bands of 150 to 157, 250 to 285, 500 to 547, 1000 to 1070, and 2000 to 2175 cycles. See 
note on page 304. 

** Average value from 600 to 1200 cycles. See note on page 307. 
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Table XXVIII — ( Continued) 
RIGID PARTITIONS 


Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 

Reduction Factors in db 


Prob¬ 

able 

Prob¬ 
able 
Aver¬ 
age 
Value 
of r 

in Lb. 
per 

Square 

128 

256 

512 

1024 

2048 

Authority 

Aver¬ 

age 

Value 

Foot 

cycles per second 


of T.L. 
in db 

Tile, cinder concrete, 4', 







G. Heim- 



without plaster 

Tile, like above, A' lime 

24 5 




33 2** 


burger 

32 


plaster each side 

Tile, porous concrete, 4', y^' 

31 5 




58.9** 


m 

44 


lime plaster each side 

24 5 




59.4** 


u 

44 


Brick wall, 2$ r , unplastered. 
Brick wall, 21*, plastered 

; 


i 

Hi 



Holtsmark 

40 


both sides . 




CT!F| 



M 

45 


Bnck wall, 4', unplastered. 
Brick wall, 4', plastered 



! 

B 



H 

43 


both sides. 

Brick wall, 2§* f plastered 




B 



* 

48 


both sides . 

Bnck wall, 4', plastered 

31 



421[ 



E. Meyer 

43 

000050 

both sides . . . 

Brick wall, 10*, plastered 

46 



43|| 



« 

44 

■ 

both sides . 

Concrete wall, plastered both 

93 

37 

47 

48 

57 

55 

U 

50 


sides 

26 



4111 




42 

H 


•• Average value from 600 to 1200 cycles. See note on page 307. 
ft Average value from 200 to 3400 cycles. 

|| Average value from 100 to 3000 cycles. 
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Table XXIX 

WOOD STUDS AND PLASTER, METAL CHANNEL IRON 
AND PLASTER, ETC. 


Description of Panel 
(Bold type signifies that 

Weight 

Reduction Factors in db 


Prob¬ 

able 

Prob- 

in Lb. 

128 

256 

512 

1024 



Aver- 


the panel has practical 
merit) 

per 

Square 

2048 

Authority 

age 

Value 

age 

Foot 




• 



of T.L. 

Value 




cycles per second 



in db 

of r 

Steel channels, l", plastered 
both sides gypsum scratch 







Bureau of 



coat, i', and brown coat ... 
Steel channels, }', metal lath, 
plastered both sides gypsum 
scratch coat, \ r , and brown 



37 0 


41 2 

47 0 

Standards* 

38 

0 00016 

coat . . 

Steel channels, I", metal lath, 
plastered gypsum scratch 
coat, i', brown coat, f', very 
thin smooth finish coat. 



42 1 


44 5 

49 1 

a 

42 

000063 

troweled * 

Wood studs, 2* X 4', 17'o.c., 



35 8 


39 3 

46 0 

« 

37 

00020 

J' X 1J' wood lath, f' apart, 
gypsum scratch, lime brow n, 
smooth finish . 



49 5 


42 6 

52 2 

< 

44 

.000040 







Wood studs, metal lat h, scratch 










and brown coats gypsum 
wood-fibred plaster (no sand) 



44 0 


41 1 

53 4 

u 

42 

000063 

Wood studs, metal lath, scratch 
and brown coats plaster (1 
part sand to 1 part gypsum 
wood-fibred piaster) 

Wood studs, metal lath, three- 



43 4 


43 7 

55 0 

m 

44 

000040 

coat smooth finish gypsum 
wood-fibred plaster (no sand) 
Wood studs, metal lath, three- 



46 3 


42 5 

56 6 

m 

45 

000032 

coat smooth finish plaster (1 
part sand to 1 part gypsum 
wood-fibred plaster). 



47 0 


42 3 

54 6 

* 

44 

000040 

Wood studs, sheet metal, 
three-coat smooth finish 

gypsum plaster. 

Wood studs, wood lath, gyp¬ 



47 0 


46 6 

51 8 

• 

45 

.000032 

sum scratch and brown 
coats, smooth white finish... 
Wood studs, 1' Insulite both 

17 4 

38 2 

39 6 

39 2 

43 9 

49 0 

• 

38 

.00016 

sides, joints filled. 

5 10 

28 5 

28 6 

24 0 

35 6 

47 5 

u 

30 

.0010 

Wood studs, two 4 9 sheets Iibu- 


lite both sides, joints filled . 
Wood studs, l' Insulite both 

0 60 

33 d 

32 2 

29 4 

40 8 

58 5 

a 

33 

00050 

sides, gypsum scratch and 
brown ooata, smooth white 
finish. 

13 3 

46 2 

39 5 

47 2 

57 0 

56 3 

« 

45 

000032 


* For frequency bands of 150 to 157, 250 to 285, 500 to 547, 1000 to 1070, and 2000 to 2175 cycles. See note 
on page 304. 
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Table XXIX — ( Continued) 

WOOD STUDS AND PLASTER, METAL CHANNEL IRON 
AND PLASTER, ETC. 


Description of Panel 
(Bold type signifies that 
the panel has practical 

Weight 

Reduction Factors in db 


Prob¬ 

able 

Prob- 

in Lb. 

per 

Square 

128 

256 

512 

1024 

2048 

Authority 

Aver¬ 

age 

Value 

Aver¬ 

age 


Foot 


cycles per second 



of T.L. 
in db 

Value 

of r 

Wood studs, two sheets 

Insulite both sides, joints 
filled, gypsum scratch and 
brown coats, smooth white 
finish . 

14 2 

50 2 

52 2 

43 9 

57 9 

61 0 

Bureau of 
Standards* 

49 1 

0 000013 

Wood studs, staggered, \' In- 
sulite both sides, joints filled 

4 94 

34 1 

29 9 

27 9 

41 8 

59 3 

a 

35 

00032 

Wood studs, staggered, §' In- 
sulite both sides, Ecol Fab¬ 
ric, gypsum scratch and 
brown coats, smooth white 
finish 

16 1 

52 2 

52 6 

47 4 

53 7 

58 2 

u 

49 

000013 

Wood studs, etc , as above, 
except no Ecol Fabric 

13 1 

50 1 

52 2 

49 4 

59 6 

60 1 

u 

50 

000010 

Wood studs, J' Insulite one 
side, plastered and back- 
plastered. Other side metal 
lath with scratch, brown and 
finish coats 

20 9 

45 4 

45 1 

44 7 

47 6 

57 7 

u 

44 

000040 

Wood studs, §' Insulite one 
side, plastered with brown 
coat and back-plastered; 
furring strips, J’ Insulite, 
gypsum scratch, brown and 
finish coats. Other side 
metal lath plastered with 
gypsum scratch, brown and 
finish coats . . 

21 3 

49 9 

53 0 

52 0 

57 3 

62 9 

u 

51 

0000080 

Wood studs, Sheet Hock 
nailed each side, No. 12 po¬ 
rous gypsum poured between 
studs . 

11 8 

j 

37 7 


37 2 


38 1 

« 

34 

00040 

Wood studs, etc., as above, 
except No. 30 porous gyp¬ 
sum replaced No. 12 

19 6 

42 1 


44 1 


48 2 

« 

41 

000080 

Wood studs, Flax-li-num 

nailed each side, l r x 2'fur¬ 
ring strips, wood lath, plas¬ 
tered both sides gypsum 
scratch and brown coats, 
smooth white finish. 

14 7 


42 4 

38 2 

44 7 

54 1 

* 

41 

.000080 

Metal lath, 1)' plaster . 

13 9 

23 1 

21 5 

23 1 

23 5 

31 3 

P. E. Sabine 

32 

.00063 

Metal lath, 2\' plaster. 

23 2 

24 4 

23 5 

27 3 

36.7 

41 4 

U 

38 

00016 

Metal lath, 3}'plaster .. . 

32 5 

27 3 

25 8 

26 9 

41 8 

44 2 


40 

.00010 

Metal lath, 44 ' plaster 

41 8 

30 0 

30 0 

36 7 

45 0 

45 7 


43 

000050 

Wood studs, 2" x 4', metal 
lath, 4' gypsum plaster 

17 4 



29 2t 



u 

37 

00020 


* For frequency bands of 150 to 157, 250 to 285, 500 to 547, 1000 to 1070, and 2000 to 2175 cycles. See 
note on page 304. f Average value from 128 to 2048 cycles 
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Table XXIX — ( Continued,) 

WOOD STUDS AND PLASTER, METAL CHANNEL IRON 
AND PLASTER, ETC. 




Reduction Factors in db 1 


Prob- 

Prob¬ 

able 

Aver¬ 

age 

Value 

Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 







able 

in Lb. 
per 

Square 

128 

256 

512 

1024 

2048 

Authority 

Aver¬ 

age 

Value 

Foot 







of T.L. 




cycles per second 



in db 

of T 

Wood studs, etc., as above, 
filled with granulated slag 
Wood studs, metal lath, 3.1 

27 4 



36 7f 



P. E. Sabine 

43 

0 000050 

lb. per square yard; J* 
scratch coat, J'-f ' brown 
coat gypsum plaster 

17 4 

40 0 

41 5 

49 1 

55 8 

48 1 

ft 

49 

000013 

Wood studs, 2' X 4", wood 
lath, J ' gypsum plaster . 
Wood studs, 2' X 4', wood 

18 0 



29 4f 




37 

.00020 

lath, lime plaster . 

Wood stud; wood lath, \ w X 

17 4 



38 It 



m 

44 

000040 

11', spaced f'; gypsum 
scratch coat, Jbrown coat 
finish coat . . . 

Wood studs, etc., as above, 

18 6 

24 4 

25 6 

! 

29 1 

32 2 

35 7 

ft 

37 

00020 

except lime plaster .... 
Wood studs, 2' X 4',1'Celo- 

18 0 

27 5 

1 28 8 

38 1 

46 6 

42 9 

ft 

43 

000050 

tex, unplastered . 

Wood studs, etc., as above, 

3 0 

9 0 

15 0 

23 9 

30 6 

32 0 

ft 

29 

0013 

filled with sawdust .... 

6 G 

15 3 

23 7 

27 0 

38 0 

39 7 

ft 

36 

00025 

Wood studs, 2' x 4', 1'Celo- 
tex, gypsum plaster . 

Wood studs, etc., as above, 

12 0 

17 7 

24 7 

37 0 

43 7 

36 7 


40 

00010 

filled with sawdust 

Wood studs, 2' X 4', 1'Ma¬ 
sonite, S' gypsum plaster 
Wood studs, 2' X 4', 1' felt, 
furring, metal lath, gyp¬ 
sum plaster. 

15 6 

16 0 

18 0 

16 3 

30 0 

, 

39 0 

38 Of 

40 Of 

44 5 

39 7 

ft 

ft 

42 

45 

46 

000063 

000032 

000025 

Wood frame, 2' X 4', }' plas¬ 






ter board, f ' sand and fibre 
plaster both sides, 4' porous 







V. O. Knud- 



wall fill botween studs 

Wood studs, 2 'x4', 16'o c.. ex¬ 


38 1 


40 2 


41 4 

sen 

39 

00013 

panded metal lath, plastered 
both sides scratch and brown 
coats "Insultex” plaster; 51' 
Wood studs, etc., as above, ex¬ 


32 9 

37 7 

39 8 

40 3 

39 0 

ft 

38 

00016 

cept stand’d hard wall plaster 
instead of “Insultex” plaster 


30 8 

; 35 0 

36 2 

37 0 

38 2 

ft 

35 

00032 

Wood studs, tarred paper, 
chicken wire, 1' cement plas¬ 
ter . 

Wood studs, 30' o.c., 21' wood 


25 2 


29 5 


30 2 

ft 

28 

0016 

boards, tongued and grooved 







G. Heim- 



on one side 

8 2 




42.9** 


burger 

36 

00025 


t Average value from 128 to 2048 cycles. 

•• Average value from 600 to 1200 cycles. See note on page 307. 
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Table XXX 

FLOOR AND CEILING PARTITIONS 


Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 

Reduction Factors in db 


Prob¬ 

able 

Prob¬ 
able 
Aver¬ 
age 
Value 
of r 

in Lb. 
per 

Square 



512 

1024 

i 

2048 

Authority 

Aver 

age 

Value 

Foot 


cycles per second 



of T.L. 
in db 

Concrete flat slab floor con¬ 
struction, reenforced. Insu- 
lite furred out, applied as 
ceiling . 

54 4 

50 9 

54 8 

58 7 

1 

56 5 

53 2 

Bureau of 
Standards* 

51 

0.0000080 

Concrete flat slab floor con¬ 
struction, reenforced. Float¬ 
ing floor consisting of nail¬ 
ing strips, rough and finish 
flooring Insulite furred out 
and applied as ceiling 

58 1 

58 9 

57 0 

t 

55 4 

1 

67 6 

1 

1 

65 2 

« 

57 

0000020 

Concrete, etc., as above, 
with f' Insulite between 
ooncrete slab and floating 
floor. .. . 

58 9 

57 9 

58 2 

55 8 

66 3 

67 3 

« 

57 

.0000020 

Tile, 8', four cell, flat arch 
floor panel, gypsum brown 
coat, smooth white finish. 
Cinder concrete filled be¬ 
tween 2' X 4' wood studs 16' 
o.c. fastened to top surface. 
Hardwood flooring . . . 

76 


40 3 

46 8 

47 8 

54 5 

M 

45 

000032 

Tile, as above, except floor 
finished with 2' cinder con¬ 
crete and 1' cement. 

85 


46 7 

47 1 

47 4 

50 5 

a 

44 

.000040 

Tile, three-cell partition, 4' X 
12' X 12'. Ceiling finished 
with furring strips, Insu¬ 
lite plaster . 

69 8 

56 5 

56 6 

55 8 

57 7 

58 8 

a 

53 

.0000050 

Tile, as above, with floating 
floor consisting of nailing 
strips, rough and finish floor¬ 
ing . 

73 5 

62 7 

63 1 

61 0 

65 9 

73 7 

a 

61 

.00000080 

Tile, as above, with Insu¬ 
lite between masonry slab 
and floating floor. 

74 2 

63 6 

70 3 

63 4 

63 5 

68 7 

a 

62 

00000063 

Tile, as above, except ceiling 
stripped off and suspended 
ceiling attached. 

72 3 

68 0 

67.9 

65 8 

72 1 


a 

64 

.00000040 

Tile, three-cell partition, 6 ' 
X 12' X 12'. Ceiling fin¬ 
ished gypsum brown coat, 
smooth white finish. 

83 


51 2 

46.8 

49.6 

60 4 

a 

48 

.000016 

Tile, as above, except 2 ' cin¬ 
der ooncrete and 1' cement 
added to upper surface . 

109 


52 4 

48 0 

49 9 

54 6 

a 

47 

000020 


* For frequency bands of 150 to 157, 250 to 285, 500 to 547,1000 to 1070, and 2000 to 2175 cycles. See 
note on page 304. 
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Table XXX — ( Continued) 
FLOOR AND CEILING PARTITIONS 




Reduction Factors in db 



Prob¬ 

able 

Description of Panel 

Weight 







able 

in Lb. 
per 

Square 







Aver¬ 

age 

Value 

(Bold type signifies that 
the panel has practical 
merit) 

128 

256 

512 



Authority 

Aver¬ 

age 

Value 

Foot 







of T.L. 




cycles per second 



in db 

of r 

Wood joists. Lower side plas- 










tered on wood lath; upper 
side, sub-fioormg and §'■ 



1 




Bureau of 



finish flooring . 

Wood joists, etc., as above, 


47 9 

46 8 

40 7 

50 1 

48 8 

Standards* 

43 

0 000050 

with 4 # Insulite between 
rough and finished floors 


47 7 

48 3 

40 6 

50 3 

48 9 


44 

000040 

Wood joists, etc., as above, 










with floating floor consist¬ 
ing of nailing strips, rough 
and finish flooring 


57 6 

57 5 

54 8 

62 4 

57 6 

U 

53 

0000050 

Wood joists, etc., as above. 










with 4' Insulite betw'een 
rough and finished flooring 









■ 

of floating floor . 

Wood joists, suspended ceil- 


57 9 

60 1 

53 5 

62 7 

55 7 


53 

0000050 

ing of *' Insulite plastered. 
Rough and finish flooring 
Wood joists, etc , as above, 
with 4* Insulite betw'een 
rough and finish floors, 
floating floor of nailing 
strips, rough and finish floor¬ 

12 6 

52 6 

53 6 

49 2 

54 9 

55 3 

m 

49 

000010 

ing .. . 

Joists, 4' X 12', 2'o.c., 7' fill¬ 

16 1 

62 4 

65 3 

57 3 

68 8 

62 3 


59 

0000013 

ing of cinder on 1' boards 
between joists; |' finished 
floor, 1' sub-floor; 1' wood 
board, lime plaster on lath 






1 

G. Heim- 



for ceiling. 

Joists, 4' X 84", 2' o.c.; 4' 





77.6" 


burger 

58 

0000016 

finished floor, A' card¬ 
board, 1' wood sub-floor, 
one layer rag paper; ceiling, 
two layers rag paper, 1' 
wood boards, lime plaster 
on lath. 





68.6** 


| 

« 

51 

0000080 

Joists, 4* X 9', V o.c., 64' 





1 


| 



cinder fill, two layers rag 
paper, f' wood board be¬ 
tween joists; floor, 14' T & 
G wood boards, one layer 
rag paper; ceiling, 1' wood 
boards, lime plaster on lath 





i 

70.5" 


■ 

52 

.0000063 


* For frequency bands of 150 to 157, 250 to 285, 500 to 547,1000 to 1070, and 2000 to 2175 cycles. See 
note on pace 304. 

** Average value from 600 to 1200 cycles. See note on page 307. 
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Table XXXI 

COMPOSITION AND SPECIAL PARTITIONS 




Reduction Factors in db 


Prob- 

Prob¬ 

able 

Aver- 


Weight 

L 






able 


in Lb. 






Authority 

Aver- 

Description of Panel 

per 



512 

1024 

2048 

age 


Square 







Value 

age 

Value 


Foot 







of T.L. 




cycles per second 



in db 

of r 

Tile, hollow clay, 3' X 12' X 










12', spaced 1}' between 
sides. 1' Flax-li-num, butt¬ 
ed tight, placed between 
tile. One side of partition 
carried on 4' X 4' Flax-li- 
num strips, sides, top and 







Bureau of 



bottom. 

Insulite, 4*. sufficient layers 

50 


55 2 

50 8 

50 8 

65 8 

Standards* 

52 

0 000063 

to make total thickness of 







V. O. Knud- 



5', gypsum wall board core 


27 6 


38 4 


39 5 

sen 

35 

00032 

Insulite, as above, except 

galvanized iron core. 

Wood studs. 2' X 4', 1' Gun- 


27 7 


37 5 


36 9 


34 

00040 

ite on outside of studs 

Wood studs, as above, with 




33 8 


35 6 

U 

33 

00050 

A' fibre board on inside of 
studs . 


35 2 


35 6 


38 7 

M 

36 

00025 

Wood studs, as above, except 
fibre board replaced A' 
Wood studs, as above, except 


37 4 


36 7 


41 0 

U 

38 

00016 

4' plaster board replaced 

fibre board. 

Wood studs, as above, except 


34 4 


35 0 


37 9 

m 

36 

00025 

4' quilted material replaced 
plaster board . «... . 

Wood studs, 4 ' plaster board. 


35 2 


35 3 


38 8 

m 

36 

00025 

6' fill rock wood covered 
with 4 ' mesh hardware cloth 


29 6 


35 5 


37 0 


34 

00040 

Wood studs, two layers 4' 










plaster board, 6' fill rock 
wool covered with 4' mesh 










hardware cloth . 

Wood studs, tarred paper. 




39 2 


42 8 

M 

38 

00016 

chicken wire, 1' cement 
plaster; 2' air space; wood 
studs, 4' plaster board, 6' 
fill rock wool covered with 
4* mesh hardware cloth; 
no structural connections; 
separate foundations. 


53 2 


60.4 


63 8 

1 

m 

57 

0000020 

Wood studs, 2' X 4', 1' gyp¬ 
sum plaster on outside of 
studs, 4' Alltite, Style O, 
pink paper on inside of studs 

■ 

36 1 


44 4 

j 

47 2 

m 

41 

000040 


* For frequency bands of 150 to 157, 250 to 285, 500 to 547, 1000 to 1070, and 2000 to 2175 cycles. See 
note on page 304. 
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Table XXXI — ( Continued ) 
COMPOSITION AND SPECIAL PARTITIONS 



Weight 

Reduction Factors in db 


Prob¬ 

able 

Prob¬ 
able 
Aver¬ 
age 
Value 
of T 

Description of Panel 

in Lb. 
per 

Square 

128 

256 

512 

1024 

2048 

Authority 

Aver¬ 

age 

Value 


Foot 

! 


cycles per second 



of T.L. 
in db 

Wood studs, etc., as above, 
except Alltito covered with 
heavy tarred waterproof 
paper . 

i 

36 2 


44 1 


47 8 

V. O. Knud- 

sen 

41 

0 000080 

Wood studs, 2 r X 8"; 1' stuc¬ 
co on $ 9 Sheet-rock on out¬ 
side; A* Masonite, furring 
strips, 11" rock wool on in¬ 
side of studs 


38 


50 


63 

« 

49 

000013 

Sound Studio Wall Con¬ 
structions 

Wood studs, 2'X 6'; l'Gun- 
ite on outside; Zonolite fill 
between studs; Mason¬ 

ite on inside of studs 







m 

42 

000063 

Wood studs, 2' X 6'; 1' wood 
sheathing. 1' Gunite on out¬ 
side; Zonolite fill between 
studs; ’A' Masonite on in¬ 
side of studs . . 

Wood studs, 2' X 4'; two lay¬ 
ers $ * plaster board, J * Gun- 
ite on outside; 5' air space, 
plaster board, 2" X 4' 
wood studs with mineral 
W'ool fill between, outer and 
inner walls connected at 
floor and ceiling 

Wood studs, 2' X 4'; 1 " stuc¬ 
co on outside; If' quilt, 
wood strips, felt, w'ood 

strips, A' Celotex, 2§* rock 
wool on inside of studs 







m 

m 

• 

45 

55 

53 

000032 

0000032 

0000050 

Wood studs, 2'X6', 1 * sheath¬ 
ing on outside; | * jute fibre, 
^ ' Celotex on inside of studs 







m 

39 

00013 

Wood studs, 2' x 6 # ; 1' stuc¬ 
co on outside; -fr* Masonite 
on inside of studs 






1 

M 

38 

00016 

Wood studs, 2* x 6*; plas¬ 

ter board, 1' stucco on out¬ 
side; mineral wool fill be¬ 
tween studs. 







m 

47 

000020 
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Table XXXI — ( Continued ) 
COMPOSITION AND SPECIAL PARTITIONS 


Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 

Reduction Factors in db 


Prob¬ 

able 

Prob¬ 
able 
Aver¬ 
age 
Value 
of r 

in Lb. 
per 

Square 

128 

256 

512 

1024 

2048 

Authority 

Aver¬ 

age 

Value 

Foot 


cycles per second 



of T.L. 
in db 

Wood studs, 2' x 6'; f' 
stucco on outside; 12' air 
space; $' plaster board, 2' X 
4' wood studs with rock 
wool fill between; outer and 
inner walls connected at 
floor and ceiling. 



I 




V. O. Knud- 

sen 

52 

0 0000063 

Tile, cinder concrete, 2f', two 
layers in contact, f' lime 
plaster both sides . 

44 0 




62.3" 


G. Heim- 
burger 

46 

000025 

Tile, cinder concrete, 2' layer 
and 2J' layer separated by 
2' air space, lime plaster 

both sides . 

39 8 




62.8" 


If 

47 

000020 

Tile, etc., as above, with air 
space filled with granulated 
cork . 





72.3" 


a 

54 

0000040 

Tile, cinder concrete, 2' lay¬ 
er and 2}' layer with |' cork 
board between, 1' lime 
plaster both sides . ... 

41 0 




61.8" 


a 

! 

46 

000025 

Tile, cinder concrete, 2' lay¬ 
er and 21' layer with } ' quilt 
material between, f' lime 
plaster both sides 

40 5 




65.7" 


* 

49 

000013 

Wood boards, 2*'; build¬ 

ing paper, 1* wood boards, 
1' lime plaster on out¬ 
side; 1' wood boards, 1' 
lime plaster on lath on in¬ 
side . 

28.7 




1 

77" 


a 

58 

0000016 

Wood boards, 2*'; *' build¬ 
ing paper, 1' wood boards, 
1' lime plaster on outside; 
1' air space, 1' wood lath 
20' o.c., A' building paper, 
1' wood boards, 1' lime 
plaster on lath. 

29.7 


. 


82.3" 


a 

61 * 

00000080 

Wood boards, TAG, 2*', 
t' quilt material, wood studs 
30'o.c. 

9.0 




48.8" 


a 

38 

.00016 

Wood boards, TAG, 2*'. 
41' air space, 1' wood boards, 
TAG, wood studs 30' o.«c.... 

* 12 3 


.... 

1 

61" 


a 

45 

.000032 


" Average value from 600 to 1200 cycles. Sec note on page 307. 
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Table XXXI — ( Continued ) 
COMPOSITION AND SPECIAL PARTITIONS 


Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 

Reduction Faotors in db 


Prob¬ 

able 

Prob¬ 

able 

Aver¬ 

age 

Value 

in Lb. 
per 

Square 

128 

256 

512 

1024 

2048 

Authority 

Aver¬ 

age 

Value 

Foot 







of T.L. 




cycles per second 



in db 

of T 

Wood boards, TAG, 2*'. 4*' 










air space, asphalt paper, 

1 r air space, 1' wood boards, 
TAG, wood studs 30' 







G. Heim- 



o.c. 

12 9 




61.2** 


burger 

45 

0 000032 

Wood boards, T A G, 2* 4*' 










air space, |' quilt material, 
H * air space, 1' wood boards, 
TAG, wood studs 30' o.c .. 

12 7 




66.9** 


« 

49 

000013 

Brick wall, 2*'. 2' furring 



j 







strips, Celotex Lath plastered 
both sides ... ... 




57 Oft 



Holtsmark 

58 

.0000016 

Brick wall, 2%2' furring 










strips and Celotex Lath on 
one side; other side plas¬ 










tered directly on brick 

Brick wall, 2J', 2' furring 




45 0ft 


! 

i 

* 

47 

000020 

strips and Celotex Lath, 
plastered, on one side; other 
side plastered directly on 






i 




brick. 

Brick wall, 2$'. 2' furring 




50 on 



m 

51 

.0000080 

strips and Celotex Lath on 
both sides, unplastered.... 




48 Oft 



m 

49 

000013 

Brick wall, 4', 2' furring 










strips and Celotex Lath, 
plastered, on one side; other 
side plastered direotly on 
brick ... . 




53 Oft 



m 

54 

0000040 

Brick wall, 4', 2' furring 







strips and Celotex Lath on 
sides, unplastered. 

' 



48 Oft 



m 

49 

000013 

Pressed straw, 3$', plastered 







both sides. 

14 



38|| 



E. Meyer 

39 

00013 







•• Average value from 600 to 1200 oyoles. See note on page 307. 
ft Average value from 200 to 3400 oyolee. 

| Average value from 100 to 3000 oyolee. 
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Table XXXII 
DOUBLE WALLS 




Reduction Factors in db 


Prob- 


Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 







able 

Prob¬ 
able 
Aver¬ 
age 
Value 
of r 

in Lb. 
per 

Square 

128 

256 

512 



Authority 

Aver¬ 

age 

Value 

Foot 

cycles per second 


of T.L. 
in db 

Metal lath, double, on 1J' 










channels, J' gypsum plaster; 
without cross bracing clips; 
4', connected at edges only 

18 0 



43 6f 



P. E. Sabine 

48 

0 000016 

Metal lath, etc., as above, 
with cross bracing clips 

Steel studs, 1', Rock lath. 

18 0 



34 9t 



m 

41 

000080 

4' gypsum plaster; batten 
plates between angles 7' o.c.; 










51'; connected at edges only 
Steel studs, etc , as above, with 

12 0 

23 5 

33 2 

45 2 

49 4 

38 7 

m 

44 

000040 

batten plates 2' on centers 
Tile, double hollow gypsum, 

12 0 

21 3 

29 4 

34 8 

36 3 

25 5 

M 

38 

00016 

3', 3' air space, unplastered; 
9'; connected at edges only 

22 0 



37 5f 



a 

44 

000040 

Tile, etc., as above, except 
24'air space and 4 r felt; 9' 
Tile, etc., as above, with 1' 

22 6 



40 4f 



«f 

46 

000025 

plaster; 10* 

Tile, etc., as above, with 4' 

31 8 



42 2t 



m 

47 

000020 

Celotex in 2' air space 

Tile, double 2'solid gypsum. 

32 0 



42 If 



M 

47 

000020 

unplastered, unbridged, 2' 
separation; structurally sep¬ 
arated 

20 4 

25 2 

34 2 

44 5 

51 0 

62 6 

m 

48 

000016 

Tile, etc., as above, except 
bridged at middle . . 

Tile, etc., as above, filled 

20 4 

21 3 

32 7 

37 0 

45 6 

52 0 

m 

44 

000040 

with sawdust . 

23 0 

21 6 

28 1 

39 3 

47 0 

54 0 

m 

44 

000040 

Tile, etc., as above, except 
filled with slag . . . 

Tile, etc., as above, except 

30 9 



42 7t 



m 

47 

000020 

filled with felt . . . 

Tile, .double 2' solid gyp¬ 

22 3 



48 5f 



m 

51 

0000080 

sum, unplastered, unbridged, 
4' separation; structurally 

separated. 

Tile, etc., as above, bridged 

20 4 

28 4 

47 4 

54 2 

59 0 

56 8 

m 

51 

000080 

top and bottom. 

20 4 



46 9f 



m 

4a 

000013 

Tile, etc., as above, un¬ 






bridged, inner faces lined 
with 1 * felt . 

22.3 



57 3f 



m 

57 

0000020 

Wood studs, 2' X 4*, stag¬ 










gered, metal lath, 4' gyp¬ 
sum plaster; 74'; connected 
at edges only. . 

19 8 


.... 

39.lt 



m 

45 

.000040 


t Average value from 128 to 2048 cycles. 
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Table XXXII — ( Continued) 
DOUBLE WALLS 


Description of Panel 
(Bold type signifies that 
the panel has practical 
merit) 

Weight 

Reduction Factors in db 


Prob¬ 

able 

Prob¬ 
able 
Aver¬ 
age 
Value 
of r 

in Lb. 
per 

Squaie 

128 

256 

512 

1024 

2048 

Authority 

Aver¬ 

age 

Value 

Foot 

cycles per second 


of T.L. 
in db 

Wood studs, etc., as above, 










except §' Celotex replaced 
metal lath; connected at 
edges only. 

13 0 



36 6f 



P. E. Sabine 

43 

0.000050 

Wood studs, 2' X 2', set on 










6' plate; 4' gypsum plaster 
on 4' Celotex; 4' Celotex 
stood loosely between studs; 
8'; connected at edges only 

12 2 



4o Of 



a 

49 

.000013 

Brick wall, 8", 1' Gunite; 










12" air space; 4 r plaster 
board on 2' X 6' wood studs, 
4' plaster board, 24 ' mineral 
wool, y furring strips, 2' 







V. O. Knud- 



Sprayo-Flake 

Concrete, 8', 13' air space, 







sen 

73 

.000000050 

2' X 6' wood studs, two lay¬ 
ers 4 ' plaster board, two lay¬ 
ers Masonite separated by \ ' 
wood bats, 14 ' balsam wool 
Concrete, 8', 13' air space. 


60 4 


71.7 


78 5 

a 

69 

00000013 

2' x 6' wood studs, two lay¬ 
ers 4 ' plaster board. Mason¬ 
ite, 2' X 4' wood studs with 
mineral wool fill between .. 


61 0 


72 5 


81 0 

a 

71 

000000080 

Tile, 12', 1' Gunite on out¬ 










side, Gunite on inside; 

12' air space; 4' plaster 
board on 2' X 6' wood studs, 
4' plaster board, 3' mineral 
wool, 1' furring strips, 14' 
Sprayo-Flake . 

- 





| 

j 

a 

71 

.000000080 

Wood studs, 4 ' plaster board, 
8' fill rock wool between 
studs, covered with 4' mesh 
hardware cloth; 2' air space; 
wood studs, tarred paper, 
chicken wire, 1' cement 
plaster; no structural con¬ 
nections . 


53 2 


j 

60 4 


63 8 

| 

a 

58 

.0000016 

Brick walls, two, 24separa¬ 







ted by 2' air spaoe, both 
outside surfaces plastered.... 
Brick walls, etc., as above. 




47 5ff 



Holtamark 

49 

000013 

with loose Celotex lath in 
airspace. 




47 5tt 

.... 


a 

49 

000013 


t Average value from 128 to 2048 cycles. ft Average value from 200 to 3400 cycles. 
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105. Comments on the Use of the Tables; General Conclusions. 

The data in the preceding tables should enable the architect to make 
satisfactory selections of materials and types of structure to meet the 
practical requirements of sound-insulation in buildings. It should be 
remembered in making such selections that, although the author has 
attempted to make the data from all laboratories comparable, there 
may be errors as large as 2 or 3 db in many instances, and therefore 
small differences should not be regarded as having much significance. 

A consideration of the data suggests the following generalizations 
concerning the insulative properties of different building materials and 
partitions: 

1. The insulation value of rigid masonry or monolithic partitions 
increases directly as the logarithm of the weight per square foot of wall 
section — so that the rate of increase of insulation with increased 
weight is relatively slow for partitions which are heavier than, say, 
30 or 40 pounds per square foot. As a consequence, it is often in 
the interest of both insulation and economy to substitute two or more 
light-weight partitions, or specially composed partitions, for heavy 
masonry partitions. There are many occasions in building practice 
where this may be done with a gain in insulation, a reduction in the 
dead load of the building, and at a reduced cost. However, for thin 
partitions, where the dead load is not a serious problem, dense rigid 
panels such as plastered brick or solid tile provide a satisfactory means 
of obtaining a T.L. of about 40 to 45 db. 

2. Lime plaster on wood lath and wood studs gives considerably 
better insulation than an equal thickness of gypsum plaster on wood 
lath and wood studs. Sabine obtains an advantage of about 9 db for 
lime plaster as compared with gypsum plaster, and the Bureau of 
Standards obtains an even greater difference. Wood stud and plaster 
partitions rate slightly higher than chanel iron and plaster. 

3. Wood partitions, with T & G joints, provide more insulation 
than do masonry partitions of the same weight or thickness. (The 
development of cracks in wood partitions, however, will greatly reduce 
their insulation value.) 

4. Double partitions seem to offer the most feasible means of ob¬ 
taining high insulation at reasonable cost and reasonable dead load. 
The separate partitions should be as completely insulated from each 
other as is possible, as the introduction of structural ties between the 
separate partitions tends to convert the two partitions into a single 
rigid partition and thus greatly reduces the insulation. The suspen¬ 
sion of a blanket or fibre board between double partitions or between 
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the wood studs or channel irons in staggered stud partitions is often 
an aid to insulation. The addition of any absorptive material in the 
air space between double partitions contributes considerably to sound- 


1 


8 Brick 

H- pi«tt«r 

T. L.-49 db 


r 


%“steei Channels 
^'Plaster 

Gypsum s T. L.—34 db 
Lime s T. L.—40 db 


r 3 Hollow Clay Tile 
H Plaster 

T. L.—40 db 



Gypsum Scratch Coat 
Lime Brown and Finish 
-Wood Lath 

2x 4* Wood Studs 


T. L. 


-44 db 


4 Hollow Clay Tile 
lr" 1'x 2'Vurring Strips 
lUlL 1 Paper and Metal Lath 
||r~ Gypsum Plaster 

III LL “ 52d6 


f 2 x 4 Wood Studs 
Sheet Metal 
3 Coat Gypsum 

T. L.-45 db 


T. L.-57 db 


•nougn ana rinisnea Mooring 
'Wood Nailing Strips 
^Concrete Slab 

Fibre Board and Plaster 


^Rough and Finished Flooring 
Wood Nailing Strips 
^^^^g^4"Hollow Clay Tile 

^“H' Fibre Board and Plaster 

T. L. —60 db 


T.L.-53 db 


Floated Rough and Finished 
Flooring 
2 x 10 Wood Joists 
^'Plaster on Wood Lath 


F 4"HoJjow Clay Tile 
fx 2 Furring Strips 
Fibre Board 
Gypsum Plaster 

T. L.-54 db 


iiu>' 2x4 Wood Studs 
1 Fibre Board, 
Joints Filled 
|| -r '3 Coat Gypsum 

T. L. —49 db 



T. L.>50d6 


^ Rough and Fmished Flooring 
Absorptive Blanket 
^Plaster on Wood Lath 
Good Insulation for 
Foot Falls, etc. 


F 3 Solid Gypsum Tile 
% Plaster 

T. L.**40 db 



4”Brick 

Plaster 


T. L. —47 db 



Staggered Wood Studs 
Absorptive Blanket 
Plaster on Fibre Board 
T. L.> 50 db 


■ nuugn anu riinaneu noonng 


T. L.»55 db 


_^ H Fibre Board 

=&s. Concrete Slab 
Hung Ceiling 


2 Layers h Mutex with 
yf Sheet of 28 Gauge 
Iron between 
-3' Masonry 
- Plaster 

Acous. Corp. of America 
Double Masonry Wall 

T. L.>60<*6 


l Zfcg 


Flexible and Absorptiva 
Material 
Resilient Chair 
Concrete Slab 
Resilient Hanger 
Plaster and Lath 


T. L.>60 db u t s. Gypsum and 
JohnS’Manville 
System 


Fio. 140. Plan and sectional sketches of wall, floor, and ceiling partitions having a 
high degree of sound-insulation. 


insulation unless the absorptive material makes a rigid or semi-rigid 
bridge between the two partitions, in which case it may be worse than 
nothing. Thus, the addition of cinders, pumice, or other rigid-porous 
materials between structurally separated partitions will sometimes 
reduce the over-all insulation. 
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Many other characteristics of sound-insulation, and many practical 
suggestions for the selection of sound-insulating partitions, will be 
revealed from a study of the data given in the preceding tables. The 
reader should make a careful study of these tables, as frequent reference 
will be made to them in working out practical problems in sound- 
insulation. 

In selecting a partition which will supply a specified amount of insula¬ 
tion, regard must be given not only to the insulative value of the parti¬ 
tion but also to its structural value, its adaptability to the building, and 
its cost. As mentioned in Sec. 103, the names or descriptions of those 
partitions which, in the author’s opinion, seem best adapted for building 
purposes have been designated with bold type. 

A number of satisfactory types of construction for obtaining wall 
partitions having a T.L. greater than 40 db and floor and ceiling parti¬ 
tions having a T.L. greater than 50 db are indicated in Fig. 140. These 
methods of construction will meet most of the requirements for sound- 
insulation which will arise in connection with the design of buildings. 
The average T.L. is given for each partition. 



CHAPTER XIII 


THE INSULATION OF SOUND — CALCULATION 
IN BUILDINGS 


106. Calculation of Insulation in Different Building Structures. By 

means of the average coefficients of transmission for different materials 
and types of partition, such as are given in the last column of the tables 
in the preceding chapter, it is possible to calculate the effective or over¬ 
all insulation provided by the enclosing walls and ceiling of any room. 
Or, conversely, if a specified amount of insulation be required for a par¬ 
ticular room or building, it is possible to determine the type of walls, 
ceiling, windows, and doors that will provide the required amount of 
sound-insulation. In making calculations of this nature, it is most 
convenient to determine the ratio of the intensity of the noise outside 
the room to the intensity of the noise which is transmitted into the 
room, and then this can be easily converted into the effective reduction 
in decibels. If 1\ be the intensity of the sound or noise outside the 
room, 1 and if I 2 be the intensity of the sound or noise which is transmitted 
into the room, then the ratio I 1 /I 2 gives the number of times the inten¬ 
sity of the sound is reduced by means of the surrounding walls, floor, 
and ceiling of the room. The ratio 1 1 // 2 can be calculated for a room 
by means of a simple application of Eq. (48). Rewriting Eq. (48), 


I 2 


rAh 

-, 

&2 


( 55 ) 


which states that / 2 , the intensity of the noise transmitted into the room, 
is equal to the rate of flow of sound into the room divided by the total 
absorption in the room. This equation applies to the case where sound 
is transmitted into the room only through the panel of area A. In 
general, all the boundaries of a room will allow sound to be transmitted 
into the room, so that the numerator of Eq. (55) should be replaced by 
(tiAi + t 2 A 2 + rzAz + • • •)Zi which gives the rate of flow of sound 
into the room through all the boundaries. Then Eq. (55) may be writ¬ 
ten in the form, 

T = a — X A 1 1 — X -’ (56) 

1 It is assumed in the following consideration that noise of this intensity surrounds 
all the boundaries of the room. When the outside intensity is different for different 
parts of the boundary, as is often the case, appropriate allowances must be made. 
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where r lf r 2 , and r 3 are the coefficients of transmission of the different 
parts of the boundaries of the room, Ai, A 2 , and As are the correspond¬ 
ing areas, and a, written without the subscript, is the total absorption in 
the room. The total quantity in the denominator of Eq. (56), namely 
T 1 A 1 + t 2 A*+ tsAs + • • *, which will be designated by T 7 , is the total 
transmittance for the boundaries of the room. Thus, 


/i 

I2 



(57) 


and the effective insulation against outside noise, that is, the over-all 
reduction of the noise in decibels, is 10 logio / 1 // 2 , or 10 logio a/T . This 
quantity will be called the noise-reduction factor for the room. Thus, 

Noise-Reduction Factor = 10 logio (58) 


It gives the difference, in decibels, between the level of noise outside of 
a room and the level which that noise will attain inside the room. Eq. 
(57) or (58) shows quantitatively the amount of reduction owing to the 
insulative properties of the boundaries, and the amount owing to the 
absorptive material in the room. In problems of design, this often is 
a matter of considerable importance, since it will reveal whether it is 
better to increase the noise-reduction factor of a room by altering the 
structure or by adding absorption. 

In order to illustrate the use of Eq. (58), a typical calculation will be 
made for determining the noise-reduction factor of a small lecture room. 


Volume of room = 50,000 cubic feet. 

Total absorption in room, including audience = 2400 sabines. 


DESCRIPTION OF WALLS, CEILING, WINDOWS, AND DOORS; 
AND THE TRANSMITTANCE THROUGH THESE SURFACES 


Material 

Area, A, 
in Square 
Feet 

T 

r A 

4" concrete slab ceiling plus acoustical 
plaster. 

2500 

0.000025 

0.0625 

8* brick walls plus \ * acoustical plaster . 

4500 

.0000080 

.0360 

A* glass windows, closed. 

400 

.00110 

.440 

1|* hardwood doors, good closure. 

100 

.00031 

.031 

Total transmittance ( T ). 



...0.5605 
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rpi f a Ii 2400 _ . 01 _ 

Therefore T~ U 0.5695 4210 ’ 

and 10 logio ir = 36.2 db. 

1 2 


That is, the noise-reduction factor, or the effective insulation which the 
room provides against outside noise, is 36.2 db. Thus, if the lecture 
hall be located where the outside noise is at a level of 50 db, the level of 
the noise which reaches the lecture hall will be 50 — 36.2, or 13.8 db. 
This amount of noise is no louder than the unavoidable noise which is 
incidental to an audience, and will not produce a serious interference 
with speech or music. However, if the outside noise be at a level con¬ 
siderably higher than 50 db, the amount of noise transmitted into the 
room may be loud enough to constitute an annoyance, or even inter¬ 
fere with the hearing of speech or music. 

The calculation of the transmittance of sound through the windows 
of the lecture hall indicates that the windows transmit more noise than 
any or all other portions of the boundaries. Thus, the total transmit¬ 
tance for the windows is 0.44, whereas the total transmission for the 
entire room is only 0.569. It is obvious therefore that but little would 
be gained by increasing the insulation value of the walls so long as the 
windows form a part of the walls. On the other hand, if the windows 
could be eliminated, so that all the walls would be 8-inch brick, it would 
be possible to reduce the total transmittance to 0.133, and the noise- 
reduction factor for the room would then be 42.6 db; that is, the gain 
in insulation would be 6.4 db. 

In the design of buildings, it is advisable to determine first the prob¬ 
able amount of noise which will prevail in the immediate vicinity of 
the building. Then it is necessary to determine the amount of noise 
which can be tolerated inside the building. The difference between 
this amount and the amount of outside noise represents the insula¬ 
tion which should be provided by the boundaries of the room. The 
amount of noise existing in the neighborhood of the proposed site for a 
building can be determined approximately from existing data on noise 
surveys, or more accurately by making measurements of the noise in the 
vicinity of the site, such as were described in Chap. IX. The measure¬ 
ment of these outside noises should be confined to those noises which are 
likely to be persistent, such as traffic noise in a metropolitan neighbor¬ 
hood, or the noise of conversation or music in adjacent rooms. The 
building or room should then be designed to reduce this amount of per¬ 
sistent noise or sound to a level which can be tolerated in the room or 
building. 



330 THE INSULATION OF SOUND — CALCULATION IN BUILDINGS 


107. Noise Levels Which Can Be Tolerated Readily in Different 
Buildings. In nearly all public buildings a noise of 15 to 25 db will not 
be noticed because there are nearly always present internal noises of 
about that magnitude. In the following table there are listed the ap¬ 
proximate magnitudes of noises which will be accepted without com¬ 
plaint in different types of rooms and buildings: 


db 

Studios for the recording of sound, as talking-picture studios... 6 to 8 

Radio broadcasting studios. 8 to 10 

Hospitals. 8 to 12 

Music studios. 10 to 15 

Apartments, hotels and homes. 10 to 20 

Theatres, churches, auditoriums, classrooms, and libraries. 12 to 24 

Talking-picture theatres. 15 to 25 

Private offices. 20 to 30 

Public offices, banking rooms, et cetera. 25 to 40 


Special conditions or circumstances may alter these requirements or 
toleration limits, but for most purposes of design the limits given in the 
preceding table will be found to be highly satisfactory. In fact, there 
are but few existing buildings which are as quiet as is recommended in 
this table. The values given in the table therefore represent what the 
average man would regard as ideal. In order to illustrate the use of the 
data in this table, suppose it is desired to provide an adequate amount 
of insulation between the adjacent rooms in a hotel. The normal, 
expected level of conversation or noise in a hotel room is of the order of 
60 to 65 db. The noise-reduction factor between adjacent rooms should 
therefore be about 45 to 50 db. In general, this will require that the 
windows in adjacent rooms be closed, or that special window mufflers be 
designed, otherwise the insulation between the two rooms may be lim¬ 
ited to about 25 or 30 db irrespective of how good the insulation may be 
in the walls and ceiling. However, with closed windows and artificial 
ventilation it would be possible to select fairly standard types of con¬ 
struction which would give the desired amount of insulation, namely 45 
to 50 db. It also would be necessary to use a double or special door if 
the two rooms are to be connected by a door. 

By utilizing the simple method of calculation set forth in thischapter, 
and the data in Chaps. VIII and XII, the architect or engineer will be 
able to solve most of the problems which arise in connection with the 
insulation of sound in buildings. A number of examples, illustrating 
the practical application of these data and principles to the design of 
buildings, will be considered in Part III of this book. 














CHAPTER XIV 


THE AMPLIFICATION OF SOUND 

108. Introductory. Measurements of the speech power of speakers 
in auditoriums and theatres indicate that one of the most serious limita¬ 
tions to good hearing in auditoriums is a consequence of the inadequate 
loudness of the average speaker’s voice. If a room have a volume of 
200,000 to 400,000 cubic feet, the average level of speech of the average 
speaker will not be more than about 50 db, whereas the level for the 
optimal hearing of speech is about 70 db. It is obvious therefore that 
there is dire need for some means of amplifying speech, especially in 
large auditoriums. 

The type of auditorium which suffers most from this inadequate 
loudness of speech is of course the large open-air theatre, where there 
are relatively few surfaces for reflecting and reenforcing the sound gen¬ 
erated by a speaker. If a person speaks out in the open with no reflect¬ 
ing surfaces around him, and with an absorptive covering on the ground, 
such as would be supplied by an audience, the intensity of the sound dies 
away almost inversely as the square of the distance away from the source. 
If a large plane reflecting surface be placed directly behind such a source 
of sound in the open the effect is nearly to double the intensity of the 
source of sound for listeners who are in front of the reflecting surface. 
This, however, does not double the sound level or loudness of the sound 
reaching the auditors, since the sound level increases approximately 
with the logarithm of the intensity. It will be recalled that a doubling 
of the intensity of the sound source increases the sound level only about 
3 db. That is, if the intensity of a speaker’s voice is at a level of 45 db 
without a reflecting surface behind the speaker, the addition of the re¬ 
flecting surface will increase the level to about 48 db. Although this 
small increase of only 3 db may not seem to be of much value, it is suffi¬ 
cient to be a real aid to hearing when the sound level is as low as 45 db. 
By providing additional reflecting surfaces above and on both sides of 
the speaker, as is accomplished by the enclosed auditorium, the intensity 
of the sound reaching the auditors is somewhat further augmented, but 
even in completely enclosed auditoriums, larger than about 100,000 
cubic feet, the loudness of the average speaker’s voice is inadequate for 
ideal audition. In most auditoriums, it is probable that the average 
level of the sound reaching auditors not too near the source is as much as 
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8 or 10 db above the level which they would receive if they were listening 
to the same source of sound in the open. In respect to the loudness of 
sound, therefore, the enclosed auditorium has a distinct advantage over 
the open-air theatre, but the advantage is not sufficient to relieve the 
enclosed auditorium from the necessity of the amplification of sound. 
This fact should be clearly recognized in the design of all large audito¬ 
riums. The architect should be familiar therefore with the general 
principles underlying the amplification of sound. 

One of the most common and satisfactory methods for amplifying 
sound is by means of a microphone, a vacuum-tube amplifier, and a 
loud speaker. 

109. The Audio-Frequency Amplifier — Public Address Systems. 

An audio-frequency amplifier of the type used in every modern radio 
receiver, with a suitable microphone in the input and a suitable loud 
speaker in the output, are the essential elements of the so-called public 
address system f which is commonly used for the amplification of sound in 
large auditoriums. The sound waves impinge upon the diaphragm of 
the microphone, where they are converted from mechanical to electrical 
vibrations. The electrical vibrations are then amplified by the vacuum- 
tube amplifier, so that the electrical energy which is delivered to the loud 
speaker may be one hundred thousand or more times greater than the 
electrical energy generated by the microphone. The loud speaker then 
converts these amplified electrical vibrations into acoustical vibrations 
of a corresponding frequency. In general, the reproduced sound will be 
considerably louder than the original. 

In order that the amplified and reproduced sound give an illusion of 
reality, the amplifying equipment must be free from distortion; it must 
be free from distracting or annoying noises; and it must reproduce the 
sound at a loudness level which is adequate for distinct and comfortable 
hearing — and at a level which is comparable with the loudness of sounds 
which we customarily hear. If the equipment possess these specified 
characteristics, the sound which is impressed upon the microphone will 
be reproduced by the loud speaker with a fidelity that will make it indis¬ 
tinguishable from the original sound. Unfortunately, the existing com¬ 
mercial equipment does not adequately possess these characteristics. 

There are two types of distortion that are inherent in all commercial 
forms of amplifiers: the first is called frequency distortion, and results 
from the non-uniform amplification of all the frequency components 
which comprise the original sound; the second is called non-linear dis¬ 
tortion, and results usually from overloading the electrical or acoustical 
elements of the circuit. The first type of distortion is most likely to 
occur in the loud speaker. The curve in Fig. 141 shows the response at 
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different frequencies of one of the best of commercial loud speakers. 
The ideal loud speaker would exhibit a perfectly flat curve, instead of the 
irregular curve shown in Fig. 141. However, the loud speaker which 
has a characteristic like that shown in the figure gives fairly satisfactory 
quality, and it represents a vast improvement over the quality of loud 
speakers of only a few years ago which could reproduce only frequencies 
between about 300 and 2000 cycles, and which gave practically no 
response whatever to frequencies outside of this limited range. The 
second or non-linear type of distortion results whenever the acoustical 
output of the loud speaker is not directly proportional to the acoustical 
input to the microphone, in which case certain frequency components are 



Fig. 141 . Frequency response curve of a high-grade loud speaker. 


introduced in the reproduced sound w r hich were not present in the origi¬ 
nal sound. This type of distortion, which may be caused by the non¬ 
linear response of the microphone, vacuum tubes, transformers or loud 
speaker, becomes troublesome when the equipment is overloaded, which 
is most likely to occur in inexpensive equipment of low power rating. 

A certain amount of noise is always present in amplifying equipment; 
there is residual noise in the room which is picked up by the microphone 
and amplified; and there is always a surface noise produced by the 
motion and mechanical vibration of the microphone, especially in the 
commonly used carbon button type of microphone. In addition, the 
vacuum tubes and their associated apparatus develop and pick up para¬ 
sitic audio-frequency currents which produce the characteristic hissing, 
cracking, and booming sounds known to every radio owner. All these 
extraneous noises, which are inherent in every public address system, 
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produce a‘masking effect upon the reproduced sound which is not only 
detrimental to good hearing but is often very annoying to the listeners. 
Owing to the unavoidable noise inherent in all amplifying equipment, it 
is necessary to amplify speech or music to a level well above the level 
of the noise; and it frequently happens that this level is somewhat too 
loud to be agreeable or natural to a person with normal hearing acuity. 

In addition to distortion and noise, public address systems suffer from 
another defect which impairs the naturalness of reproduced sound. 
Ordinarily we listen to sound coming directly from its source to our two 
ears. A microphone responds to sound like a single ear, and monaural 
hearing is almost void of the power to localize or focus upon sounds; 
that is, a monaural microphone is unable to give depth or perspective 
to sounds which may originate at diverse positions in a room. In order 
to obtain a true perspective of reproduced sound, that is, to produce the 
effect of true binaural hearing, it would be necessary to use two micro¬ 
phones spaced apart like the ears, an amplifier for each microphone, and 
two head receivers for each listener — one for the right ear connected 
to the “ right ” microphone and amplifier, and one for the left ear con¬ 
nected to the “ left ” microphone and amplifier. Such elaborate equip¬ 
ment would seem to be prohibitively complicated and expensive for 
practical purposes, although it would contribute very appreciably to the 
naturalness and high quality of the reproduced sound. 

Finally, the public address system possesses another inherent difficulty 
because the loud speaker must be located several — usually 25 or more — 
feet away from the microphone. This is necessary to prevent feed back 
or howling of the amplifying system. The sound may therefore seem to 
come from the loud speaker instead of from the actual source, thus de¬ 
tracting from the realism of the original sound. But in spite of these 
shortcomings inherent in public address systems they constitute a most 
important aid to good hearing in very large auditoriums. 

In the following section there will be described a typical public address 
system which has been used very successfully for amplifying sound in 
auditoriums and in open-air gatherings. 

110. The Western Electric Company’s Public Address System. 1 The 
size and type of public address system required in any auditorium will 
depend upon the size and nature of the auditorium. The equipment 
which will be described in this section is suitable for auditoriums of 
moderate size, namely for auditoriums having volumes smaller than 
about 200,000 cubic feet. Larger auditoriums, and open-air installa¬ 
tions, will generally require larger and specially designed equipment. 

1 See Bulletin No. 423, “ Information on New Apparatus Units for Program Pick-up 
and Public Address Systems,” American Telephone and Telegraph Company. 
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It is advisable in all such cases to consult with the manufacturer's engi¬ 
neers with regard to the particular type of equipment required. 

The principal parts of a typical Western Electric Company's Public 
Address System consist of the following: (1) transmitter, either of the 
carbon double button or condenser type; (2) transmitter filter; (3) trans¬ 
mitter mounting; (4) transmitter amplifier, in case it is of the condenser 
type; (5) mixing panel; (6) vacuum-tube voltage and power amplifiers; 
(7) volume indicator and gain control; and (8) loud speaker. 

The transmitter is usually of the carbon double button, push-pull 
type, although some of the better installations now employ the condenser 
type of microphone. 2 The No. 387 double button transmitter has a 
fairly uniform transmission characteristic between 60 and 7000 cycles, 
the maximal variation amounting to about plus or minus 4 db. This 
transmitter is considered satisfactory for either distant or close pick-up 
purposes, although in very quiet rooms the noise produced by the carbon 


A.T. & T. CO. 

Dept, of 
Dev. & Res. 


CONDENSER TRANSMITTER AMPLIFIER 910-1424 

47 A, 47 B and 48 A Amplifier 

132-A Output Trans, in 48 Type Amp. 


.006 MF. V. T. ,3 °- A " " " 47 " " 



Fig. 142. Amplifier unit associated with 394-W condenser transmitter. 


contacts may be objectionable. In the average auditorium there will 
be an amount of unavoidable noise sufficient to mask the noise produced 
by the carbon buttons, and therefore in most installations this noise will 
not be objectionable. The condenser microphone is more quiet, has a 
better transmission characteristic, and is much less likely to get out 
of order than # the carbon type. The No. 394 condenser transmitter 
has an air-tight seal on the back of it, and the space between the 

2 It is not improbable that the condenser type of microphone will soon be replaced 
by the electrodynamic type. (See Sec. 13.) 
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plates is filled with an inert gas. The nature of this seal, and the 
enclosed gas, require that the transmitter be used under pressure and 
temperature conditions corresponding to elevations between sea level and 
3000 feet above sea level, and temperatures between 25 and 75 degrees 
Fahrenheit. Higher temperatures or lower pressures may damage the 
diaphragm or the protective rubber bellows. The condenser trans¬ 
mitter is not so sensitive as the carbon double button type, and thus 
requires an auxiliary transmitter amplifier. The condenser transmitter 
has remarkably good transmission characteristics — the over-all gain 



Fia. 143. Transmitter mounting for pulpit. (Front view.) 

not varying more than plus or minus 3 db for frequencies between 
40 and 7000 cycles. The transmitter requires a direct-current polar¬ 
izing potential of about 200 volts. It is also necessary that the trans¬ 
mitter amplifier be connected with short wires to the transmitter, 
otherwise the capacitance of the connecting leads will greatly reduce the 
efficiency of the transmitter. The transmitter amplifier, usually a 
single-stage unit, is mounted integrally with the transmitter and is com¬ 
pletely shielded by a metallic covering. In addition, all leads from the 
transmitter amplifier to the mixing panel and voltage amplifier are care¬ 
fully shielded. The 47-A amplifier, which is usually used with the No. 
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394 condenser transmitter, is shown in Fig. 142. The condenser trans¬ 
mitter together with its associated 47-A amplifier is about 4 inches in 
diameter, slightly more than 1 foot long, and weighs about 14 pounds. 
Fig. 143 shows a suitable mounting for the transmitter when it is to be 
used on a pulpit, and Fig. 144 shows a suitable mounting for more com- 



Front Back 

Fig. 144. Transmitter mounting for general use. 


mon use. Many other types of mountings and suspensions are used 
under different conditions. 

A mixing panel (Fig. 145) is used when two or more microphones are 
required to pick up a program, as for example when one microphone is 
used to record the singing of a chorus and another microphone is used to 
record the singing of a soloist. An operator at the mixing panel then 
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combines the sound picked up by the two microphones in such propor¬ 
tion as will give the best effect. 

The sound picked up by either one or more of the carbon or condenser 
transmitters, and mixed in the proper proportions at the mixing panel, 
is then amplified by means of a suitable amplifier, such as the 32-A type 
which is commonly associated with the 4-A public address system. A 



Fig. 145. Mixing panel for Western Electric Company's Public Address System. 
(Above — front view. Below — rear view, cover removed.) 


photograph of this amplifier mounted in a suitable cabinet is shown in 
Fig. 146. This amplifier consists of three stages of 231-D vacuum tubes 
followed by a power stage with a 205-D vacuum tube. The plate cir¬ 
cuits of all tubes in this amplifier are supplied from a self-contained 
vacuum-tube rectifier, and the same rectifier supplies the filament cur¬ 
rent for the 205-D tube. The filaments of the three 231-D tubes require 
a 12-volt battery, usually of the lead storage type, although ten No. 6 
dry cells will suffice for about 100 hours’ service. This amplifier has a 
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gain of approximately 79 db, and the gain can be regulated in steps of 
3 db throughout a range of 66 db. The amplifier has a good transmission 
characteristic between 50 and 5000 cycles, and will provide sufficient 
energy to operate one or even two 555 loud speakers, and these speakers 



Fia. 146. Amplifier for Western Electric Company’s 4-A Public Address Sys¬ 
tem. (Inside view.) 


will supply sufficient sound energy for all practical purposes in audito¬ 
riums not larger than about 200,000 cubic feet. The 555 receiver is of 
the electrodynamic type, and is used in conjunction with a large horn, 
such as is shown in Fig. 147. The horn shown in this figure has over-all 
dimensions of about 45 inches in width by 63 inches in height by 45 inches 
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in depth. The weight is approximately 165 pounds. Other horns of 
this type may employ two or more 555 receivers, thus radiating two or 
more times as much energy as a single one. Such large horns as these 
will reproduce satisfactorily the frequency range between about 100 and 
6000 cycles. Smaller horns, as a rule, fail to reproduce frequencies in 
the lower-pitch range, and for this reason are not so satisfactory as the 
large horns. These large horns require special housing facilities in 
auditoriums, so that it often becomes necessary to make provision for 
them during the design or construction of auditoriums. 

The horns have directional effects, that is, they tend to concentrate 
the sound, especially the high frequencies, along the axis of the horn. 



Fig. 147. Western Electric Company's 555 loud speaker and 12-A horn for 4-A 
Public Address System. (Side view.) 

(See Figs. 242 and 243.) It is often necessary, therefore, in wide or large 
auditoriums, to use two or more horns, directed in such a manner as will 
give a fairly uniform distribution of sound in all parts of the auditorium. 
It is generally advisable to set aside a conveniently located small room 
which will house the amplifiers, mixing panel, and power supply. This 
room should have a floor space of about 8 feet by 10 feet for the equip¬ 
ment required in large auditoriums. The location of the horn or horns 
is an important matter which should be worked out in cooperation with 
an acoustical engineer. Reliable engineers are usually available through 
the manufacturer of the public address system. In general, the horns 
should be located so as to satisfy the following conditions: (1) supply 
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a nearly uniform and an adequate flow of sound energy to all auditors 
in the room; and (2) be near enough the speaker to give the illusion that 
the sound comes from the speaker, and yet be far enough away from the 
microphone to prevent regeneration or “ howling ” of the system. It is 
often possible to locate the horns so that they will correct or at least 
mitigate echoes or interfering reflections. Finally, the horns should be 
concealed, or artistically built into the decorations or appointments for 
the room. 

111. Amplifiers for the Hard of Hearing. When an auditorium is 
wired for a public address system, it is advisable to provide a number of 



Fig. 148. Section of seats in auditorium wired for deaf sets. Note the convenient 
location of the jack under the arm of the chair. 


seats (about 2 or 3 per cent of the total number) with hard-of-hearing 
sets. These consist of telephone receivers, with suitable rheostats or 
volume controls, connected with the amplifier and microphone of the 
public address system. These sets are now used in many churches, but 
they are equally serviceable to the hard of hearing in lecture halls, civic 
auditoriums, and even many theatres. 

Even auditoriums which do not require a public address system are 
often equipped, and many others should be equipped, with special am- 
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plifiers for the hard of hearing. Fig. 148 illustrates a type of installation 
which has proved very satisfactory. A microphone located near the 
pulpit or the stage is connected with an amplifier. The output from the 
amplifier is distributed to a number of jacks which are located on the 
seats (as shown under the left arm of the seat in the figure). The per¬ 
sons with defective hearing are provided with telephone sets which they 
plug into the jacks. Each telephone set has a potentiometer which the 
listener holds in his hand, and by means of which he adjusts the loud¬ 
ness of the sound to his individual requirements. All persons having 
conductive deafness (and about one half of all the hard of hearing are in 
this class) and about one half of all persons having perceptive or nerve 
deafness will be able to hear very well with these deaf sets. It would be 
a very substantial accommodation to at least 3 per cent of the entire 
population — and probably 5 to 10 per cent of the adult population — 
if all large lecture halls and public auditoriums were equipped with suit¬ 
able deaf sets. A small amplifier will supply sufficient energy for as 
many as thirty sets. 



CHAPTER XV 


ACOUSTICS OF AUDITORIUMS — GENERAL 
CONSIDERATIONS 

112. Introductory. The preceding chapters have been concerned 
with those fundamental principles of sound which affect its control in 
buildings. In this and the following three chapters those fundamental 
principles will be used for the development of a working theory for deter¬ 
mining the acoustical design of architectural interiors. This working 
theory should be developed in such a manner as will enable the architect 
to give to each room which he designs — whatever be its purpose — that 
rare utility and charm of perfect acoustical quality. 

The theory should enable the architect not only to determine the 
particular design which will give to each and every room the best pos¬ 
sible acoustical quality, but also to determine for every room, whether 
completed or on the drafting board, a quantitative rating which will 
uniquely represent the acoustical quality of that room. Obviously, 
both the principles of design and the methods of rating will be different 
for speech rooms from those for music rooms, although there are certain 
features that apply to both speech and music rooms. 

In the design of rooms which are intended for speaking purposes the 
prime object is the realization of the conditions which will (1) promote 
intelligibility 1 and (2) preserve naturalness. Of greatest moment is the 
intelligibility of speech a phrase which is used to signify how accu¬ 
rately and easily the separate and articulated sounds of speech are recog¬ 
nized. But good acoustics, even in speech rooms, requires more than 
good intelligibility . In the theatre, for example, the art of expression, 
to reach the highest level of esthetic perfection, demands that the natural¬ 
ness and artistic beauty of speech be not only preserved but enhanced, 
so that the speech will “ fall gently and sweetly ” upon the ears of the 
audieu.ce. It will be shown presently that it is feasible to develop a 
working theory for rating the intelligibility of speech rooms. On the 
other hand, it is not simple to formulate a theory for rating the natural¬ 
ness and artistic beauty of speech. However, if the room be designed 
in such a manner as to give the best possible intelligibility for speech, 
and if the room be free from all types of distortion, naturalness will be 

1 This word, as used, is borrowed from telephone engineers. 
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preserved, and the artistic beauty of the speech at least will be unim¬ 
paired by the acoustical properties of the room. 

113. Rating of Speech Rooms. It is a relatively simple matter to 
devise a method for making a quantitative rating of an auditorium that 
is intended for speaking purposes. The primary concern is how well we 
can hear the average speaker in the room. The method which telephone 
engineers have devised 2 for measuring the intelligibility of telephone, 
radio, and talking-picture equipment is also a very satisfactory method 
for measuring the intelligibility of auditoriums. In the telephone tests 
one person calls out lists of meaningless speech sounds into the trans¬ 
mitter, and another person listening at the receiver writes down, as 
accurately as possible, what he hears. By comparing the recorded lists 
with the called lists, a quantitative rating can be given to the intelligi¬ 
bility of the system. Such a test is called an articulation test. The 
percentage articulation signifies the percentage of typical speech sounds 
which are heard correctly. Thus, if a speaker calls out 1000 meaningless 
speech sounds into the transmitting end of the circuit, and an observer 
at the receiving end hears 750 of these speech sounds correctly, the 
articulation is rated at 75 per cent. When these tests are used for rating 
the acoustical merit of an auditorium, one person, located in the normal 
position for the speaker, calls out meaningless speech sounds, and sev¬ 
eral observers stationed in representative positions throughout the 
auditorium write down what they hear. The percentage articulation 
of an auditorium signifies the percentage of typical speech sounds which 
can be heard correctly by an average listener in the auditorium. The 
speech sounds, which are representative of all the vowels and consonants 
used in the English language, are made up of consonant-vowel, vowel- 
consonant, and consonant-vowel-consonant combinations, the separate 
sounds occurring on the average with about the same frequency that 
they occur in normal speech. The monosyllabic speech sounds are 
called out in groups of three at the rate of three syllables in one and one 
half to two seconds. Each group of three syllables is preceded by an 
announcement so that the effect of reverberation will be imposed upon 
the speech sounds. If, on the average, the listeners in the auditorium 
hear correctly four fifths of the total number of the called speech sounds, 
the articulation for the auditorium is rated at 80 per cent. These articu¬ 
lation tests thus afford a highly satisfactory means for rating the acous¬ 
tical quality of an auditorium which is to be used primarily for speaking. 
A large series of tests seems to warrant the follo.wing conclusions: (1) If 
the articulation be 85 per cent or more, the hearing condition will be 

2 H. Fletcher and J. C. Steinberg, “Articulation Testing Methods/’ Bell Syst. 
Tech. Jour. (October, 1929); also Jour. Acous. Soc. (Supplement to January, 1930). 
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very good. (2) If the articulation be 75 per cent, the hearing condition 
will be satisfactory, but attentive listening is required. (3) If the articu¬ 
lation be 65 per cent, the hearing condition is just barely acceptable, but 
the listening is very fatiguing. (4) If the articulation be less than 65 
per cent, the hearing condition is unsatisfactory. 

Fig. 149 shows a typical articulation list, such as has been used in 
determining the percentage articulation in many auditoriums. The 


ARTICULATION TEST LIST — No. 19 


No. 

Test 

Syllable 

Key Word 

No. 

Test 

Syllable 

Key Word 

1 

za 

z 4- (h)o(t) 

26 

touch 

t 4" (c)ouch 

2 

was 

way + s 

27 

kf 

ki(te) 

3 

che 

chee(se) 

28 

jod 

jud(ge) 

4 

&v 

(h)ave 

29 

hib 

h 4 (r)ib 

5 

mou 

mou(se) 

30 

ug 

(f)oo(t) + g 

6 

nOp 

nep(tune) 

31 

fou 

fow(l) 

7 

r6k 

(b)rok(e) 

32 

da 

do(t) 

8 

shern 

sh 4- earn 

33 

ach 

ah 4- ch 

9 

Ich 

i(ce) 4 ch 

34 

berv 

b 4 (n)erve 

10 

bov 

(a)bove 

35 

ab 

(h)ab(it) 

11 

uz 

(f)oo(t) + z 

36 

dak 

day 4- k 

12 

ko 

co(ke) 

37 

fa 

fa 

13 

t^s 

tes(t) 

38 

gam 

g 4- ah 4- m 

14 

thQ 

th 4- (s)oo(the) 

39 

ha 

ha(s) 

15 

oush 

ou(t) 4- sh 

40 

jouch 

j 4 ouch 

16 

yig 

y(et) 4- (d)ig 

41 

ik 

(k)ick 

17 

w6 

we(t) 

42 

la 

la 

18 

at 

(h)ot 

43 

zTv 

z 4- (h)ive 

19 

thong 

th 4 (s)ung 

44 

bam 

bam (boo) 

20 

sh& 

sha(ll) 

45 

r6n 

ren(t) 

21 

si 

si(n) 

46 

yos 

y -f oh 4* s 

22 

Or 

ore 

47 

wong 

w -f (s)ung 

23 

pOsh 

pea(ch) '4* sh 

48 

It 

(r)ight 

24 

nuf 

noo(k) 4 f 

49 

tha 

they 

25 

0m 

(h)ome 

50 

ash 

(h)o(t) 4 sh 


Fio. 149. List of meaningless speech sounds for conducting articulation tests in 
auditoriums. 


speech sounds are all written in a phonetic alphabet, so that each sym¬ 
bol represents only one sound. The monosyllabic test syllables which 
are to be called out are written in the first column, and the key words 
which give the proper pronunciation of the test words are given in the 
second column, so that there is less likelihood of error in pronouncing 
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the speech sounds. Fig. 150 shows a record sheet used by the listener. 
In the first column are recorded the syllables as heard by the observer. 
In the second column are recorded the test syllables which were called. 

ARTICULATION TEST RECORDING SHEET 

Title of Test: Articulation in Millspaugh Auditorium _ 

Condition Tested: Empty, curtain raised; speaker at front, centre stage _ 

List No._6_ Caller_ F. L. P. _ 

Date 2—22—23 Observer V. O. K. 


Syllable Articulation 82 per cent Observer’s Seat AA9 


No. 

Observed 

Called 

Errors 

No. 

Observed 

Called 

Errors 

1 

g*j 

glj 

V 

26 

jash 

jash 

V 

2 

cha 

cha 

a/ 

27 

dan 

don 

o-a 

3 

hlz 

hlz 

V 

28 

dat 

da 

t+ 

4 

terv 

ter 

v+ 

29 


tij 

V 

5 

thuv 

thuv 

V 


zor 

zor 

V 

6 

y&ch 

yftch 

>/ 

31 

mat 

mat 

V 

7 

op 

op 

V 

32 

yash 

yash 

V 

8 

ming 

ming 

V 

33 

houd 

houd 

V 

9 

gersh 

gersh 

V 

34 

bed 

bed 

V 

10 

yftn 

yfin 

V 

35 

houg 

houg 

V 

11 

sert 

sert 

\/ 

36 

vOs 

vOs 

V 

12 

ris 

ris 

V 

37 

kang 

keng 

e-a 

13 

fang 

f&ng 

V 

38 

vSl 

v6l 

>/ 

14 

gab 

gab 

V 

39 

mal 

mal 

V 

15 

dosh 

dosh 

V 


kuz 

kuz 

V 

16 

lof 

luth 

th-f 

41 

touf 

touth 

th-f 

17 

wer 

wer 

V 

42 

del 

d6 

V 

18 

Or 

Or 

V 

43 

yib 

yib 

V 

19 

rOb 

rOb 

V 

44 

pes 

pes 

V 


chom 

chom 

V 

45 

vet 

vef 

f-t 

21 

p&z 

paz 

V 


v6j 

w6j 

w-v 

22 

daf 

dath 

th-f 

47 

hon 

hon 

V 

23 

kSng 

kSng 

✓ 

48 

wSf 

wef 

V 

24 

rul 

rul 


49 

wo 

wo 

V 

25 

chlk 

chlk 

v/ 

50 

fOn 

fOn 

V 


Fig. 160. Record sheet used by listener in speech articulation tests. 


The errors are recorded in the third column. The record sheet thus gives 
not only the number of errors made by each observer but the nature of 
the errors as well. Articulation tests of this type give pertinent infor- 
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mation regarding the hearing properties of auditoriums. They require, 
however, that the observers be thoroughly trained in the use of such 
tests. 

A much simpler method of articulation testing has been developed 
recently by Fletcher and Steinberg 3 which employs only well-known 
monosyllabic words, and which therefore reduces the training require¬ 
ments of the observers. The words used in these tests are given in 
Table XXXIII. 

Articulation lists are prepared from these monosyllabic words by writ¬ 
ing the vowel list of words on one pack of cards and the consonant list 
on another pack of cards, and by shuffling each pack separately. The 
cards are then taken off in groups of three and articulation lists pre¬ 
pared. In the tests each group of three words should be preceded by 
an announcement, so as to introduce the normal interference of rever¬ 
beration. Only the errors in vowels are counted in the vowel list, and 
only the errors in the indicated consonants are counted in the consonant 
list. With a little experience, assistants who have had no previous 
training can use these lists to determine the percentage articulation in an 
auditorium. The assistants should be thoroughly familiar with the 
words in each list, but these can be learned in about 20 minutes of study. 4 
In using these simpler word lists the percentage syllable articulation can 
be correlated with the standard syllable lists by means of the equation: 

8 = 100{1 - (1 - ( 59 ) 

S = percentage syllable articulation (for standard lists). 

V w = percentage vowel articulation (for word lists). 

C w = percentage consonant articulation (for word lists). 

Thus, suppose the vowel articulation is 97 per cent and the consonant 
articulation 91 per cent, using the simple word lists. Then the stand¬ 
ard syllable articulation is 100 {1 — (1 — 0.97 X 0.91 X 0.91)° 9 } = 76.8 
per cent. That is, the syllable articulation, referred to the standard syl¬ 
lable tests, would be 81.6 per cent. The average percentage articulation 
for an auditorium is obtained from the results of listeners stationed in 
all representative positions in the auditorium, and with the speaker or 
caller located on the front central portion of the stage or platform. It 
is desirable to use as many as eight listeners or observers located in the 
following positions: front centre, front side, middle centre, middle side, 
rear centre, rear side, balcony centre, and balcony side. If each of the 
nine persons in the group acts as caller for a complete list of words or 

* Loc. cit . 

4 The results will be dependable after about four practice trials; i.e., after the be¬ 
ginner has listened to four complete vowel and consonant lists. 
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Table XXXIII 
VOWEL WORD LIST 


Sound to be Graded 

English Words in 

the List 

a' 

bat 

back 

a 

bait 

bake 

e 

bet 

beck 

e 

beat 

beak 

i 

bit 

bit 

I 

bite 

bike 

0 

but 

buck 

o' 

bought 

balk 

6 

boat 

boat 

u 

book 

book 

a 

boot 

boot 


CONSONANT WORD LIST 


Sound to be Graded 

English Words in the List 

b 

by 

by 

ch 

which 

which 

d 

die 

die 

f 

fie 

whiff 

g 

guy 

wig 

h 

j 

k 

high 

high 

wick 

wick 

1 

lie 

will 

m 

my 

whim 

n 

nigh 

win 

ng 

wing 

wing 

P 

pie 

whip 

r 

wry 

wry 

8 

sigh 

sigh 

sh 

shy 

wish 

th' 

thy 

with 

th 

thigh 

thigh 

t 

tie 

wit 

V 

vie 

vie 

w 

why 

why. 

y 



z 

whiz 

whiz 

st 

sty 

whist 


Note: The h following w is not pronounced in such words as whim, whip, etc. 
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syllables, the average of all the recorded lists will give a reliable figure of 
merit for the speech-hearing quality of the auditorium. In addition, 
the hearing qualities in different parts of the auditorium also are re¬ 
vealed. For example, Fig. 151 shows the percentage articulation in 
different parts of Millspaugh Auditorium (Los Angeles Junior College), 
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ARTICULATION IN MILLSPAUGH AUDITORIUM. 

WITH AN AUDIENCE OF 240. TEST No. 5, APRIL 10. 1923 
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9 
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B 
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I 
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S 

B 

B 

B 

B 
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■ 
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6 10 14 18 22 26 
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30 



No. of Rows Back from Front 

Fig. 151. Percentage articulation in different parts of an auditorium having a seat¬ 
ing capacity of 1600. 


which was tested in this manner, first with an audience of 240 (rever¬ 
beration time at 512 cycles = 3.9 seconds) and then with an audience 
of 950 (reverberation time at 512 cycles = 2.1 seconds). The effects 
of location and the size of the audience upon intelligibility are clearly 
revealed. 
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114, Factors Affecting the Hearing of Speech in Auditoriums. There 
are four principal factors which affect the hearing of speech in audito¬ 
riums; namely, the shape of the room, 5 the loudness of the speech which 
reaches the listener, the reverberation characteristics of the room, and 
the amount of noise in the room. The quantitative influence of each 
of these factors will be considered in some detail. In general, the shape 
of the room should be designed so that there will be a uniform flow of 
sound to all listeners; the speech must be loud enough to be heard dis¬ 
tinctly in all parts of the auditorium; the reverberation must be reduced 
so that there will be no detrimental overlapping of the separate sounds 
of speech; and the noise must be reduced to such a level that it will not 
mask even the feebler sounds of speech such as the unvoiced consonants. 
Each of these factors enters into the problem of hearing in auditoriums 
in such a way as to affect markedly the intelligibility of the speech. 
Thus, the unamplified speech of the average speaker in large auditoriums 
is rarely if ever loud enough for optimal hearing conditions; the time of 
reverberation is always long enough to produce some overlapping of the 
separate syllables; there is always a certain amount of noise, either 
avoidable or unavoidable; and no matter what shape an auditorium 
may have there will be some destructive interference between the direct 
and reflected sound. It will be the problem of the following sections in 
this chapter and of the two following chapters to determine the quanti¬ 
tative influence of each of these factors, so that the over-all hearing con¬ 
ditions in any auditorium can be appraised. 

Consider first of all the hearing conditions in an ideal space, such as 
is afforded in the open air away from all possible sources of noise. In 
such a space, if the speaker be not more than two or three feet away from 
the listener, the intensity level of the speech at the ears of the listener 
will be about 70 db, which is the optimal level for distinct and comfort¬ 
able hearing; there will be utterly no reverberation; there will be no 
disturbance from noise; and there will be no interfering effect from reflec¬ 
tion, the reflected component from the ground uniting almost in phase 
with the direct sound. Articulation tests conducted in such an ideal 
space give an articulation of 96 per cent. (See Sec. 130.) It may seem 
to some that the articulation should be more nearly 100 per cent under 
these ideal conditions, but a few errors are unavoidable, such as the con¬ 
fusion of th (as in thin) and/, n, and ng f or possible errors of pronunciation 
or of perception or even remembering. Tests have shown that an 

•It will be assumed later in formulating a quantitative basis for rating speech 
rooms that such unwarranted defects as echoes, long-delayed reflections, and trouble¬ 
some concentrations of sound have been eradicated. See Chap. XVI, which considers 
the problem of shape. 
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articulation of 96 per cent is actually greater than can be attained in 
any room, even though the acoustical properties of the room be made 
as nearly perfect as is possible. 

If we consider now the quantitative factors which affect the hearing 
conditions in a room, it is clear that it is necessary to introduce reduction 
or distortion factors owing to (1) the shape of the room, (2) inadequate 
loudness, (3) excessive reverberation, 6 and (4) extraneous noise. Follow¬ 
ing this suggestion, it is possible to represent the percentage articulation 
in any room by the equation 7 : 

Percentage articulation = 96 k s kik r k n . (60) 

k s = the reduction factor owing to the shape of the room. 

ki — the reduction factor owing to the inadequate loudness of 
speech. 

k r = the reduction factor owing to the excess of reverberation in 
the room. 

k n — the reduction factor owing to the extraneous noise in the room. 

In the ideal quiet space, each of these factors, k s , k it k r , and k n , will be 
equal to unity, so that the percentage articulation under these conditions 
would be 96 per cent, that is, the value found by experiment in a quiet 
open space. 

Experimental data have been obtained by means of which it is pos¬ 
sible to determine the appropriate values of k st k h k ry and k n for any 
auditorium. When these factors are determined for a certain audito¬ 
rium and substituted in Eq. (60), the resulting product gives the prob¬ 
able percentage articulation in that auditorium. 

It is admittedly only an approximation to represent these factors by 
single numbers. For example, the reverberation is described not by a 
single number but by a curve giving the times of reverberation at differ¬ 
ent frequencies. However, if one takes the time of reverberation for a 
tone of 512 cycles, one will have a fairly reliable index for representing 
the condition of reverberation in a room, 8 and the use of such a single 

• Excessive reverberation, as here used, is intended to include any unbalance of 
reverberation, as an excessive reverberation for the low frequencies even when the 
reverberation time at 512 cycles is ideal. 

7 This equation applies only to the average speaker. Various speakers differ 
widely not only in the matter of the loudness of their speaking voices but also in such 
significant matters as enunciation, pronunciation, and emphasis — factors which 
affect profoundly the resulting articulation. 

8 There would be exceptions to this rule when the reverberation times at other fre¬ 
quencies showed extreme departures from the optimal reverberation characteristic, 
but these exceptions are rare if reasonable care has been used in the selection of 
absorbent materials. 
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index is very valuable for rating the acoustical quality of auditoriums. 
In problems of design, on the other hand, consideration should be given 
to the reverberation throughout the important pitch range, for example, 
at 128, 512, and 2048 cycles. 

Similarly, the shape of the room is a rather involved factor, and can¬ 
not be represented rigorously by a single number. However, the matter 
of shape in the conventional, rectangular auditorium is not a potent fac¬ 
tor in determining the articulation, and it therefore is not only admissible 
to use a single factor to represent the effect of shape on articulation, but 
the factor k, in most cases will not deviate appreciably from unity. In 
more unusual cases, in which the shape departs widely from conventional 
types, and in rooms which are burdened with echoes, delayed reflections, 
or focusing effects, the factor k s may be appreciably less than unity. 
Although insufficient data are as yet available for making a quantitative 
evaluation of the factor k s for auditoriums of different shape, it is pos¬ 
sible to determine shapes which will approach very closely the ideal, 
and which will provide satisfactory solutions to most of the practical 
problems which arise in connection with the acoustical design of archi¬ 
tectural interiors. The problem of the shape of auditoriums in relation 
to acoustical design is a matter of prime importance and therefore will 
be considered in the following chapter. 



CHAPTER XVI 

THE ACOUSTICS OF AUDITORIUMS — SHAPE 1 


116. Fundamental Principles. Before the present century the prob¬ 
lem of the acoustics of a room was regarded almost wholly as a problem 
of the shape, proportions, and size of the room. Many empirical rules 
and practices had been handed down from past generations, and in nearly 
all the treatises on architectural acoustics which were written before 1900 
the paramount consideration was given to an analytical study of the 
rays of sound in enclosures. Architectural acoustics was largely an 
applied branch of geometrical acoustics. As was shown in Chap. I, 
there were a few students of acoustics before the present century who 
recognized the importance of reverberation in room acoustics, but the 
indefatigable work of W. C. Sabine on reverberation, which began in 
1895, was so successful in accounting for the acoustics of rooms that it 
shifted the principal consideration in acoustics from the problem of 
shape to the problem of materials. As a result, there has developed, 
especially in the United States, a tendency to regard reverberation as the 
dominant and almost determining factor in room acoustics, and at the 
same time to give too little regard to the important aspects of shape and 
size of auditoriums. As has been stated repeatedly, good acoustical 
design must be based upon a proper understanding of all the factors 
which affect the generation, transmission, and hearing of sound. Each 
of the named factors is important, and the neglect of any one factor may 
ruin an otherwise ideal design. 

In the present chapter, special consideration will be given to the prob¬ 
lem of the shape of auditoriums. The problems of noise, loudness, and 
reverberation will be considered in the following two chapters. 

In the design of an auditorium it is not only necessary to avoid shapes 
which will produce acoustical defects, such as echoes and interfering 
reflections, but it is of prime importance to design shapes which will facil¬ 
itate the most advantageous flow of sound energy to all auditors in the 
room, and at the same time preserve or even enhance the natural beauty 
of speech and music. Of course, the acoustical requirements of an audi¬ 
torium do not alone assume such importance as to dictate shape and size, 

1 The problem of shape in the design of auditoriums is treated very effectively in 
Bagenal and Wood’s 4 ‘Planning for Good Acoustics/’ Methuen (1931). See espe¬ 
cially Chap. III. 
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Fig. 152. Reflection of sound from a barreled 
ceiling which has a radius of curvature equal 
to the height of the room. 


but there are certain fundamental principles and requirements with 
respect to acoustics which should contribute potently to the determina¬ 
tion of the shape and size of an auditorium. 

In the first place, it is necessary to recognize those forms which should 
be avoided. There are two outstanding forms which should never be 

tolerated: (1) those which will 
produce a pronounced focusing 
of sound, thus giving an exces¬ 
sive concentration of sound in 
some places and a scarcity of 
sound in other places; and (2) 
those which will produce exces¬ 
sive delays between the sound 
which reaches the auditors by 
a direct path from the source 
and that which reaches the audi¬ 
tors by reflection from the ceil¬ 
ing or walls. The sound which 
comes by the reflected paths 
always has to travel a greater 
distance than the sound which comes by the direct path, and if the dif¬ 
ference in these path lengths is as great as 65 feet the reflected sound 
will be delayed to the extent 
that it is heard as a separate 
sound; that is, the delayed 
sound produces an echo. (See 
Sec. 18.) Even when the re¬ 
flected sound is delayed as 
much as 50 feet it unites with 
the direct sound sufficiently 
out of phase to produce a 
masking or blurring interfer¬ 
ence. Delayed reflections are 
most damaging when they are 

concentrated or focused by means of a concave surface. Figs ; 152 and 
153 exhibit conspicuous defects both from the standpoint of excessive 
focusing of sound and also from excessive delays of the reflected sound. 
Fig. 152 shows the transverse section of an auditorium with a barreled 
ceiling having a centre of curvature near the level of the floor. In 
a room of this shape, sound originating at 0 is reflected by the ceiling 
in such a manner as to be brought to a sharp focus at O'. As a 
result, there will be an excessive concentration of sound in the vicin- 



Fig. 153. 
ceiling. 


Reflection of sound from a domed 
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ity of O', and an inadequate amount of sound at other positions in the 
room, which receive practically no reflected sound, and thus become 
dead spots. Furthermore, if the distance from the source 0 to the ceiling 
and back to an auditor at O' exceeds the direct path distance between O 
and O' by 65 or more feet, the auditor at O' will hear a distinct echo. 
Such concentrations, dead spots, and echoes as result from barreled 
ceilings of the type shown in Fig. 152 are ruinous to the acoustics of a 
room. On the other hand, if the radius of curvature of the ceiling in 
Fig. 152 were increased to about twice the ceiling height, the ceiling 
would be a most beneficial reflector for sound originating near the floor 
on the longitudinal axis, since there would be no divergence or conver¬ 
gence of the reflected sound. Such a ceiling, if not too high, would be 
very satisfactory for a lecture hall. 

Fig. 153, which also exhibits a defective shape, is a longitudinal sec¬ 
tion of an auditorium with a domed ceiling. In an auditorium of this 
type, the sound which originates at the front part of the stage is brought 
to a focus in the front portion of the balcony. Again, if the path length 
of the reflected sound exceeds the path 
length of the direct sound (from 0 to O') 
by 65 or more feet, the auditors in this 
part of the balcony will be bothered by 
echoes. Or if the difference of paths 
amounts to as much as 50 feet — although 
there will be no echo — there will be a 
confusing interference in this locality, re¬ 
sulting from the union of the direct and 
reflected sound. It is clear then that 
shapes of this type should be avoided. 

Fig. 154 exhibits another shape, in plan, 
which should be avoided. In this audi¬ 
torium, the normal position for the speaker 
is at O, which is the centre of curvature of 
the rear wall behind the speaker’s plat¬ 
form. Much of the sound originating at 0 * ?IQ * Reflection of sound 
is reflected back to 0, such as the ray OC, £ Iindrical wal1 badaA a 

and consequently a speaker located in this 

position gets an exaggerated estimate of the loudness of his owm voice 
and thus tends to speak with inadequate loudness. At the same time 
he is very much annoyed by the incessant bombardment of his own 
voice against his ears. This same shape would mar the acoustical 
quality of musical ensembles. Thus, a player or singer located at 0 
would hear his own instrument or voice too loudly and therefore would 
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not generate an adequate amount of sound energy to balance with other 
sources on other parts of the stage. In addition to the defect just men¬ 
tioned there would be many others owing to secondary foci in the seated 
area corresponding to different positions on the stage. For many posi¬ 
tions on the platform or stage between 0 and the curved wall, there will 
be conjugate foci in the seated area. Thus, sound originating at P 
would be brought to a focus at P*. 

The design of an auditorium should not only avoid such objectionable 
forms as have just been described but it should possess reflecting sur¬ 
faces so spaced and shaped as 
to provide a uniform distribu¬ 
tion of sound energy to all 
parts of the room, and the 
reflected sound should arrive 
nearly in phase with the di¬ 
rect sound. In general, if the 
difference in path between 
the direct and the reflected 
sound does not exceed 45 or 
50 feet the addition of the reflected component will augment the loud¬ 
ness and often enrich the quality of the sound reaching the auditor. 
Fig. 155 shows a longitudinal section of an auditorium which is not only 
remarkably free from concentrations, dead spots, and echoes, but is so 
shaped as to give a nearly uniform distribution of reflected sound to all 
parts of the auditorium, with a slight preference for the more remote 
parts. Further, by keeping the ceiling low, the difference in path be¬ 
tween the direct and the reflected sound is not excessive. ^The low, 
gently sloping ceiling directs the reflected sound to those portions of the 
auditorium which most need such reenforcement, as under the balcony 
and in the rear part of the balcony; and there are no reflected com¬ 
ponents delayed long enough to produce either a destructive inter¬ 
ference or an echo. The sloping ceiling under the balcony, in like man¬ 
ner, provides a beneficial reenforcement for the last rows on the orchestra 
floor and at the same time increases the height of the opening so that 
more energy is available for reaching those auditors under the balcony 
who would otherwise receive an inadequate amount of sound energy. 
The shape indicated in Fig. 155 is only typical of what is desired acousti¬ 
cally, and such a design could be modified to better suit the architectural 
style of the auditorium without sacrificing acoustical merit. 

In very large auditoriums it may be difficult, or even impossible, to 
avoid large and therefore troublesome differences of path between the 
direct and reflected sound. In such instances it is advisable to break 



Fiq. 155. Longitudinal section of an auditorium 
designed to give a helpful reflection of sound 
to all parts of the auditorium. 
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up the surfaces producing these delayed reflections by introducing cof¬ 
fers, beams, pilasters, or other irregularities in contour, all of which 
tend to diffract and diffuse the sound in all directions and thus prevent 
interfering reflections or echoes. In such very large auditoriums where 
it is necessary to sacrifice the benefit of the reflections from the walls 
and ceiling it may be necessary to design special reflecting surfaces 
which are near the stage or source of sound, or in certain cases it may be 
necessary to install special equipment for the amplification of sound, 
such as public address systems. In such cases, the loud speakers or 
horns which project the sound often can be located sufficiently close to 
the reflecting surfaces, and directed in such a manner, as to obviate 
interfering reflections. 

An interesting scheme for designing the shape of an auditorium has 
been proposed by Professor H. L. Cook, 2 who has shown that it is pos¬ 
sible to determine mathematically the shape of the ceiling of an audito¬ 
rium which will give a uniform intensity of sound energy in practically 
all parts of the auditorium. Although he does not describe the exact 
form of the ceiling which 
will accomplish this end, 
he states that it is not in 
serious conflict with feasi¬ 
ble types of architectural 
design. The ceiling would 
have a somewhat compli¬ 
cated curvature, which 
probably would require 
careful study before con¬ 
structing it. 

116. Floor Plan. De¬ 
signing for good acoustics 
naturally begins with the 
design of the floor plan. 

The design should be based 
upon (1) the arrangement of the seating area in such a manner as will 
bring the audience as near as possible to the stage or speakers’ platform; 
and (2) the utilization of the walls and stage setting in such a manner as 
will give the most beneficial reenforcement to the direct sound. Thus a 
relatively wide and shallow auditorium will be a better shape than a nar¬ 
row and long one; and an auditorium with plane reflecting walls near the 

*H. L. Cook, “Acoustic Control in Theatre Design,” Jour. Frank. Inst., 208, 
319 (1929). 



Fig. 156. Simple rectangular plan with splayed 
side walls. 
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speaker will have a better shape than will an auditorium with concave 
walls far removed from both speaker and audience. 

A number of pertinent characteristics with regard to the design of 
floor plans are revealed in Figs. 156 to 161. Fig. 156 shows a simple rec¬ 
tangular plan, relatively 
wide and shallow, with 
splayed walls near the stage 
or platform. The surfaces 
M NOP are favorably situ¬ 
ated to reenforce sound 
originating within the rec¬ 
tangle A BCD — the most 
probable locations of the 
speaker. The rear wall 
n. should be straight (or well 

broken) and treated with 

absorptive material so that 
Fia. 157. Fan-shaped plan, showing beneficial u will not reflect an echo 

reflections from side walls. , , . J 

back to the stage or the 

front seats. A concave rear wall, such as is indicated by the dotted line, 

should be avoided in all designs, as it is almost certain to produce an echo 

in the front part of the auditorium, and especially on the stage. 

Fig. 157 shows a fan-shape design which provides beneficial reflections 
for the entire seated area. In this design the audience is located near 

the stage, the stage is surrounded by _ T _ 

near-by reflecting surfaces, there is no \ 

possibility of multiple reflections be- f \ 

tween parallel side walls, and inci- \ 

dentally a large seating area is avail- \ J 

able for a balcony. Fig. 158 shows a J j 

slight modification of the fan shape / / 

which possesses considerable merit. j 

(See Bagenal and Wood, p. 191.) f 

Figs. 159 and 161 show circular and _ w ... . _ 

... ® . . ... . . Fig. 158. Modifled fan shape with 

elliptical shapes which nearly always welWe8igned reflecting 8play8 . 

give difficulties from focusing effects, 

echoes, and non-uniform distribution of sound. Two outstanding de¬ 
fects are shown in the circular plan in Fig. 159. First, sound origi¬ 
nating at 0 and directed at nearly grazing incidence to the walls, as in 
the direction OA , is successively reflected along the path OABC f that 
is, it tends to creep along the sides of the wall. 3 Second, sound re- 

1 See Sec. 19 on whispering galleries. 


Fig. 158. Modifled fan shape with 
well-designed reflecting splays. 
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fleeted from the rear portion of the cylindrical walls, as rays OM, ON, 
OP, and OQ, are brought to a focus at approximately O'. The out¬ 
standing defect of the elliptical plan is shown in Fig. 161. Sound origi¬ 
nating at one focus 0 of the ellipse is concentrated at the other focus O'. 
Fig. 160 shows a modified circular form in which the circle is divided 
into a number of convex surfaces. 4 This shape overcomes the inherent 



Fia. 150. Circular plan showing the tend¬ 
ency for sound to creep around the walls 
(shown by ray OABC), and also the fo¬ 
cusing of sound which is reflected from 
rear part of the circular wall. 



Fig. 160. Modified circular form 
which is free from the defects 
shown in Fig. 159. 



Fig. 161. Elliptical plan showing pronounced focusing effect. 


difficulties in the circular plan. A similar modification can be made of 
the elliptical plan. 

117. Elevation of Seats. It is good design, not only from the stand¬ 
point of seeing but also from the standpoint of hearing, to elevate the 
rear seats in an auditorium, especially in larger auditoriums. The 
acoustical aspect of this problem has been investigated by E. Petzold, 6 

4 Ragenal and Wood remark that Sir Herbert Baker utilized this principle in the 
design of the Ninth Church of Christ Scientist, Westminster. 

6 E. Petzold, “ Raumakustische Uberhohung,” Deutsche Bauhiitte, 32, 30 (Janu¬ 
ary 11,1928). 
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who bases his recommendations on the requirement that each listener 
shall be elevated with respect to the person immediately in front of him 
so that the listener’s head is about 12 centimeters (4.7 inches) above the 
ray of sound which would just pass over the head of the person in front 
of him. The seating’elevation required to satisfy this condition is shown 
in Fig. 162. By a simple consideration of the geometry of the rays of 
sound which will satisfy this condition, Petzold submits the following 
equation for determining the required elevations of the different rows of 
seats: 


A.- 


hn—i *-f" h 


r(H — K-i) 
s + (ft — l)r 


(61) 


H is the elevation of the source, r is the horizontal distance between 
rows of seats, h is the distance which each listener is to be elevated into 




Fig. 162 . Elevation of floor for satisfactory hearing in an auditorium. 


the sound stream, which Petzold specifies as 12 centimeters, or 4.7 inches, 
$ is the horizontal distance from the source to the last row which does 
not require elevation, 6 h h h 2 , • • • h n , are the elevations of the first, sec¬ 
ond, • • • nth rows behind the row which is the distance s from the source. 
In the case illustrated in Fig. 162, H = 3.9 feet, h — 4.7 inches (0.39 
foot), r = 2.6 feet, and s becomes 28.5 feet. Then, according to Eq. 
(61), hi = 0.04 foot, h = 0.49 foot, hi Q = 1.59 feet, h i 6 = 3.17 feet, 
h 2 o = 5.11 feet, and h 2b = 7.37 feet. 

If it be assumed that each listener should be elevated a fixed angle 
above the person immediately in front of him instead of a fixed elevation 
into the sound stream, a somewhat different formula would result, and 
the rear seats would have to be elevated relatively more. This would 
probably provide a slightly better condition for hearing, but the advan¬ 
tage gained would in most cases be too small to warrant the necessary 
extension of the height of the room. However, the elevations of the 
seats given by Eq. (61) should be regarded as fixing approximately the 
minimal elevations consistent with good design. Slightly greater eleva¬ 
tions are desirable if they can be obtained at a reasonable cost and with¬ 
out disturbing the general design of the room or building. 

T 

• As Petzold shows, a = ^ H + r. 
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118. Ceiling Design. The ceiling of a properly designed auditorium 
is the most potent of all surfaces for reenforcing sound by reflection. 
Wherever it is possible the ceiling should serve as a sounding board. 
It is large enough to give regular reflections, and it can be located in 
such a manner as to direct a useful flow of sound energy to those parts 
of an auditorium which are in greatest need of increased intensity. 

An effective overhead reflecting surface or ceiling splay may be de¬ 
signed by means of a simple geometrical method proposed by Petzold. 7 
This method is illustrated in Fig. 163, which shows a part of a longitud¬ 
inal section of an auditorium with a balcony. It is required to deter¬ 
mine the slope and extent of ceiling surfaces, above a speaker located at 
0, which will reflect sound within the angle limited by a, the uppermost 



Fig. 163. The design of ceiling splays. 


auditor, and 6, the nearest auditor who needs the benefit of reflected 
sound. The point P is fixed, or chosen arbitrarily, as the point of inter¬ 
section between the splayed surface and the main part of the ceiling. 
The reflecting surfaces PQ and QR are determined as follows: Connect 
a and P with a straight line, and continue the line to P' so that PP' = 
PO . Draw P r 0 and bisect it at S . Now dra>v PS and bP' y which inter¬ 
sect at Q. The line PQ then specifies the slope and extent of a surface 
which will reflect sound originating at 0 to all listeners located between 
a and 6. The surface QR is determined in a similar manner. The sur¬ 
face NP is designed to reflect sound only to balcony seats. If the 
speaker may occupy several positions, the constructions should be deter¬ 
mined for the extreme positions of the speaker, and a compromise made 
which will best suit the most probable position. 

7 E. Petzold, “Akustik der Rednerkanzel,” Zentralblatt der Bauverwaltung, 
p. 332 (June 10, 1931). 
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The upper sketch in Fig. 164 shows a defective type of reflection which 
occurs when a level ceiling is joined at right angles to a vertical rear wall. 

p M Sound rays striking the 

N ceiling near the rear wall, 
q as at P , will be reflected 
first to the rear wall, as at 
Q , and then to the first 
few rows of seats, as at R . 
This may produce an echo 
in the front part of the au¬ 
ditorium. Again, sound 
rays striking the rear wall, 

_ _p' , as at N, will be reflected 

first to the ceiling, as at M , 
1 \ and then to the back part 
°f the stage, as at L. 
These harmful reflections 

- 1 can be converted into ben- 

- " eficial ones by introducing 

Fia. 164. A suitable Ceiling splay (or cove) con- a ceiling splay between the 
necting the ceiling to the rear wall prevents echoes j eyel part of the ceilin and 
in the front part of the auditorium and reenforces ,, n . . 

the sound reaching the rear rows of seats. the rear wall > as shown m 

the lower sketch in Fig. 

164. Here the rays O'P' and O' N' will be reflected to the rear seats, 
adding 1 or 2 db to the intensity level of the sound in that part of the 
room where increased intensity is most needed. Properly designed con¬ 
cave coves instead of plane splays will be as effective as the splays, and 
often will be better adapted to the general design of the room. The 
use of coves or splays between the ceiling and side walls also has merit 
in preventing echoes and long-delayed reflections, and in directing ad¬ 
vantageous reflections upon the audience. 

119. Design of Balcony Recess. As a rule, good design of the bal¬ 
cony recess requires a shallow depth and a high opening. This permits 
a ready flow of sound into the space under the balcony; and the intensity 
level in this space then approximates the average intensity level in other 
parts of the auditorium; which means that the balcony recess is an in¬ 
tegral part of the main body of the auditorium and is not a separate space 
coupled to the main part by means of a small opening. On the other 


hand, if the balcony recess be relatively deep and the opening relatively 
low, the intensity level under the balcony will be considerably below the 
level in the main part of the auditorium, that is, the balcony recess is a 
separate space which receives sound energy only by means of the opening 
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which couples the small recess to the large auditorium. That the seats 
under the balcony of the conventional auditorium are in dire need of a 
greater supply of sound energy is evident from the complaints which 
come from auditors who sit under the balcony, and is clearly revealed in 
Fig. 151, which shows that the speech articulation is poorer under the 
balcony than it is in any other part of the room. 

The features which should characterize the shape of a balcony recess 
are shown in Fig. 155. In general, the depth of the recess should not 
exceed twice the height of the balcony opening; the front part of the 
balcony soffit should be designed to reflect sound which comes directly 
from the source to the auditors under the balcony; and the rear part of 
the balcony soffit should be coved so as to direct the incident sound 
upon the rear seats rather than upon the rear wall and then back to the 
front part of the auditorium. Either a part of the overhead proscenium 
splay or a ceiling splay above the proscenium arch should be designed to 
reflect sound under the balcony. 

120. Side Walls. The general location of the side walls of an audito¬ 
rium was considered in connection with the design of floor plans (Sec. 
116). The splayed surfaces which form the diverging walls of the pro¬ 
scenium, and those portions of the side walls which are designed to act 
as reflectors, should be large, smooth, unbroken surfaces. They should 
not be penetrated by doors, windows, arches, or boxes, and they should 
not be made ineffective by ornamental plaster or any other ornamenta¬ 
tion in high relief. Such penetrations and relief work as may be re¬ 
quired should be located where they will not hamper the reflective action 
of those parts of the wall which are designed to function primarily as 
reflectors. Fig. 158 shows an arrangement of side walls which gives 
beneficial reenforcements to sound. There are no doors or boxes on 
the proscenium splays, and the wall surfaces are free from other surface 
irregularities which would interfere with the primary function of 
reflection. 

As a rule, only the wall surfaces near the floor levels are useful for 
reflecting sound upon the audience, and consequently the upper portions 
of the walls may be treated in relief for decorative purposes or they may 
be treated with absoprtive materials for the control of reverberation. 

A slight inward inclination of the side walls, as was designed for the 
Salle Pleyel in Paris (see Fig. 253), is an effective means of directing 
advantageous reflections upon the audience. The inclination of the 
side walls also prevents multiple reflections between parallel walls. It is 
a measure worthy of adoption in the design of large auditoriums where 
every possible contribution to increased loudness is a prime necessity, 
but it is scarcely warranted in small auditoriums. 
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121. Sounding Boards. It has been shown in the preceding sections 
of this chapter that it is advantageous, especially in large auditoriums, 
to have large reflecting surfaces behind, above, below, and on both sides 
of the stage or speakers' platform. These reflecting surfaces, when prop¬ 
erly designed, will add at least 5 or 6 db to the sound level of the direct 
sound waves reaching the audience — an addition that is greatly needed 
in large auditoriums. In many monumental buildings these beneficial 
reflectors do not exist, and consequently many attempts have been made 
to design sounding boards for the purpose of reenforcing the voice of a 
speaker or of other sources of sound. The effect of a large reflecting 
sheet-iron surface, 10 feet by 12 feet, placed directly behind a speaker, 
has been tested by the author and found to offer some benefit for the 
hearing of speech in large auditoriums. Thus, speech articulation tests 
conducted in a large, empty auditorium, with and without the reflecting 
surface behind the speaker, who stood near the middle of the stage floor, 
showed that the articulation was 62 per cent when the reflector was used 
and 59 per cent when it was not used. The observed difference in the 
articulation of only 3 per cent is not great, but it is greater than the 
experimental error in making the tests and is consistent with what would 
be expected on the basis of the increased loudness, which would amount 
to about 2 db. A similar improvement in articulation has been observed 
with the speaker on the front of the stage when the asbestos curtain 
was lowered so as to serve as a reflecting surface directly behind the 
speaker. 

F. P. Whitman 8 tested the effect of a circular sounding board in a 
reverberant chapel 134 feet long and 30 feet wide. The sounding board 
was supported horizontally above the pulpit. It was 6 feet in diameter 
and was surrounded by a vertical rim which extended 6 inches below the 
plane of the horizontal reflecting surface. Words were called out from 
a spelling book, and listeners in different parts of the chapel recorded 
the words which they heard. Tests with and without the sounding 
board showed a slight preference (only 1 to 2 per cent) with the sounding 
board, for listeners in the front seats of the chapel. No improvement 
could be attributed to the sounding board for listeners in the more remote 
parts of the chapel. If the reverberation in the chapel had been reduced 
to a suitable degree it is probable that the sounding board would have 
given slightly better results. 

A sounding board may sometimes serve specific purposes, such as 
preventing the progress of sound to remote surfaces which would give 
rise to echoes. This is most likely to occur in auditoriums with very 

•F. P. Whitman, “On the Acoustic Efficiency of a Sounding Board/* Science, 
N.S., 88, 707 (November 14, 1913). 
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high ceilings, and especially in churches where the ceiling may be as 
high as 100 feet or even higher. 

In order to derive any real benefit from a sounding board it should be 
large in comparison with the wave length of the sound it is to reflect. 
Since practically all the useful energy in speech is contained in fre¬ 
quencies above 500 cycles, the sounding board should be large in com- 



Fia. 165. Large sounding board of modern design. (/. P. Fokker.) 


parison with the wave length of sound of this frequency, which is slightly 
more than 2 feet. The sounding board therefore should have dimensions 
of the order of at least 8 or 10 feet each way. 

In one of the earliest treatises on architectural acoustics, T. Roger 
Smith 9 reports an account of the installation of a parabolic sounding 
board in a church in London as early as 1829. The reflector was large, 
having a diameter of nearly 12 feet and a depth of about 4 feet. The 
reflective action of this sounding board directed the sound to the end 

• T. Roger Smith, “The Acoustics of Public Buildings,” 62 (1861). See also Davis 
and Kaye, “Acoustics of Buildings.” 
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and rear galleries in such a manner that persons claimed they heard bet¬ 
ter in these galleries than they did when seated near the pulpit. Many 
other sounding boards similar to this design were introduced in other 
churches, but although they met with varying degrees of success, they 
were not free from objectionable features. One of the chief objections 
to such reflectors is in connection with their action as a sound collector. 
Thus, in the case of a parabolic sounding board, all sounds coming from 
remote positions in the auditorium are brought to a focus near the head 
of the speaker, who is thus annoyed or even embarrassed by this accumu¬ 
lation and concentration of sounds which originate in the audience. 

122. Effect of Shape on Speech Articulation. Although no conclusive 
data have been obtained to show just how the hearing of speech in an 
auditorium depends upon shape, it is quite certain that the shape should 
conform with the general principles which have been recommended in 
the preceding sections. “Tn a series of speech-articulation tests conducted 
in fifteen auditoriums in Los Angeles there seemed to be a slight prefer¬ 
ence for auditoriums which were wide and short rather than those which 
were narrow and long 10 ; that is, those shapes which bring the audience 
near the stage seem to provide better hearing conditions than those 
which require many listeners to sit a great distance from the source. 
More data are required before definite conclusions can be made with 
regard to the improvement which results from the use of properly de¬ 
signed ceilings, splays, coves, and walls, but the benefits which result 
from a systematic and careful design of the shape of an auditorium can¬ 
not be denied. 

In the auditorium of conventional rectangular shape it is probable 
that the factor k s which was included in Eq. (60) does not differ appre¬ 
ciably from 1.0. In very large auditoriums, especially with curved sur¬ 
faces, it is probable that k s may be reduced to a value as low as 0.95 or 
even 0.90. It also is probable that in small rooms or in auditoriums 
with properly designed reflecting surfaces k s may reach a value as high 
as 1.06. Such a small increase may not seem to be worthy of great ef¬ 
fort, or to warrant changes from the conventional types of auditori um , 
but even a small increase in the value of k, may increase the articulation 
in a large auditorium from say 70 to 75 per cent; and such an increase in 
articulation is a practical improvement of real value. 

10 This preference is further supported by some tests of hearing in the open. See 
Sec. 174. 
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ACOUSTICS OF SPEECH HALLS —NOISE, LOUDNESS 
AND REVERBERATION 

A. NOISE 

123. Introductory. The nature of the auditory masking of one tone 
by another suggests that either tones or noise would interfere with the 
hearing of speech. This is of course borne out by experience. For 
example, it is almost impossible to carry on a conversation in a noisy 
place, such as in a subway train or in a noisy boiler factory. It is of in¬ 
terest to know how much noise, if any, can be tolerated without inter¬ 
fering with the hearing of speech. It is also of considerable interest to 
know whether any particular frequencies produce a greater interference 
than other frequencies. 

The interfering effect of tones and noise upon the hearing of speech 
in rooms has been determined quantitatively by conducting speech- 
articulation tests in the presence of either disturbing tones or a disturb¬ 
ing noise. These tests were conducted in a room having a volume of 
15,000 cubic feet and a time of reverberation at 512 cycles of 1.20 sec¬ 
onds. The interfering tone or noise was generated by appropriate 
electro-acoustic circuits and was conducted to the observer’s ears by 
means of a pair of telephone receivers, so adjusted on the head band 
that each receiver was held at a fixed distance of slightly less than 1 inch 
from the ear to which it was attached. In this manner the speech 
sounds, which were produced in the room, had ready access to the ears 
of the observer through the openings between the receivers and the 
ears; and at the same time the electrically produced interfering tones or 
noises could be communicated to the ears of the observer. The speaker 
or caller could not hear the interfering tone or noise and therefore did 
not raise his voice in an effort to speak above the noise. The speaker 
spoke in an easy, natural, conversational voice, at a distance of 6 feet 
from the listener. Measurements of the level of the speech in the neigh¬ 
borhood of the listener indicated an average level of approximately 47 db 
above a slight residual noise (about 10 db) in the room. This loudness of 
speech is comparable with the loudness of the average conversational 
voice in an auditorium. 
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124. Interfering Effect of Musical Tones upon the Hearing of Speech 
in a Room. A series of speech articulation tests has been conducted 
in the presence of each of the following tones: C 2 (128 cycles), C 3 (256 
cycles), C 4 (512 cycles), C B (1024 cycles), C 6 (2048 cycles), and C 7 (4096 
cycles). Each interfering tone was maintained at each of four or five 





Fig: 166. Curves showing the interfering effect of tones upon the hearing of speech. 
The “word” (or “syllable”), “vowel,” and “consonant” articulations are plotted 
separately. 


different sound levels between 20 db and 80 db. The results of these 
tests are shown in Fig. 166. It will be noted that so long as the sound 
level of the interfering tone is not too high, that is, so long as it is below 
about 50 db, the interfering effect is nearly the same for tones of all 
frequencies up to 2048. However, if the interfering tone is fairly in¬ 
tense — above a level of about 50 db — the low-frequency tones pro¬ 
duce a much greater interference than do the high-frequency ones. This 




















INTERFERING EFFECT OF MUSICAL TONES 


369 


is represented more clearly in Fig. 167, where the percentage articulation 
has been plotted as a function of the frequency of the interfering tone at 
two different levels, namely at 47 db (which was comparable with the 
loudness of the speech) and at 70 db. It will be seen that interfering 
tones at a level of 47 db produce an interference which is almost inde¬ 
pendent of the frequency; whereas when the interfering tones are at a 
level of 70 db the low frequencies effect a much greater interference than 
do the high frequencies. This result is borne out by the experimental 
findings concerning the auditory masking of one tone by another. Very 
intense tones are known to overload the ear to the extent that non-linear 



64 128 256 512 1024 2048 4096 8192 

Frequency of Interfering Tone 

Fia. 167. Curves showing the percentage articulation of speech in the presence of 
interfering tones of different pitch. The upper curve is for interfering tones hav¬ 
ing a sound level of 47 db, and the lower curve is for interfering tones having a 
sound level of 70 db. 

distortions are introduced by the hearing mechanism, and these distor¬ 
tions produce a whole series of subjective tones. When the interfering 
tone is both intense and of a low frequency, the series of subjective tones 
will activate a relatively wide frequency range of the receptive mecha¬ 
nism within the cochlea. Thus, nearly the entire mechanism which is 
used for the recognition of the sounds of speech is disturbed by the low- 
frequency tone and its subjective overtones, and as a consequence the 
hearing of speech is made difficult or even impossible. On the other 
hand, high frequencies, especially above 2048, do not produce an appre¬ 
ciable interference because the subjective tones which may be caused by 
overloading the hearing mechanism would consist of frequencies above 
about 4096, and consequently the interference would disturb a relatively 
unimportant portion of the hearing mechanism — thus interfering with 
only a few of the fricative consonants. It is found that interfering tones 
disturb the hearing of the consonants very much more than they do the 
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hearing of the vowels. This is what one would expect, since the con¬ 
sonants contain such relatively small amounts of energy. 

125. Interfering Effect of Noise upon the Hearing of Speech in a 
Room. Similar articulation tests have been conducted in the presence 
of a disturbing noise. The noise in these tests was produced by a buzzer 
type of audiometer which generated a wide range of frequencies similar 
to that shown in Fig. 10. The results of these tests are shown in Fig. 
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Fio. 168. Curve showing the percentage articulation of speech in the presence of 
a typical noise of various sound levels. 

168, where the word or syllable articulation is plotted as a function of the 
sound level of the interfering noise. 

The data on the interfering effect of tones and noise lead to certain 
conclusions which have a significant bearing upon the problem of the 
hearing of speech in rooms, as follows: 

1. The interfering effect increases with increasing intensity of 
either tones or noise. For tones with a sound level which is lower 
than that of the speech, the effect is almost independent of the fre¬ 
quency; but if the interfering tone become louder than the speech, 
tones of low pitch produce a greater interference than do tones of 
high pitch. 

2. The interfering effect of either tones or noises is of such a nature 
as to disturb the hearing of consonants more than the hearing of 
vowels. 

3. A noise produces a greater interfering effect than does an equally 
loud tone of any pitch. Thus, a typical noise, having a sound level 
equal to that of the speech, reduces the syllable articulation to about 
50 per cent, whereas any tone below 2048 cycles, and of the same sound 
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level, reduces the syllable articulation to about 70 per cent. This is 
to be expected, since the noise, which is made up of a wide band of 
frequencies, interferes with the hearing of nearly all the frequency 
components of speech. 

4. An inspection of the curve in Fig. 168 will show that even a very 
slight noise impairs the hearing of speech appreciably. It may be 
concluded that the speech must be at least 30 or 40 db above the level 
of the noise if the noise is not to produce a harmful interference. This 
emphasizes the necessity for extreme care in eliminating noises from 
auditoriums, especially in large auditoriums where the energy of the 
speech is of necessity very much diluted. 

126. The Noise-Reduction Factor k n . The curve given in Fig. 168, 
itfhich sTiows the mariner in which the hearing of speech depends upon 
the intensity of an interfering noise, makes it possible to determine the 



Fig. 169. Curves showing the value of k n for different amounts of noise in a room. 
The dotted-line curve applies to the case where the speaker does not hear the 
noise and the solid-line curve applies to the usual case where speaker and listener 
are both in the presence of the noise. The tests from which these data were ob¬ 
tained correspond approximately with the special case where the speech and noise 
come from the same direction. 

value of the noise-reduction factor k ny as used in Eq. (60). The dotted 
curve in Fig. 169 has been derived from the data in Fig. 168. It gives 
the values of k n for different levels of the noise. In this curve the ab¬ 
scissa is the ratio of the level of the noise, in decibels, to that of the 
speech, also in decibels. Thus, when the noise is at the same level as 
the speech, the abscissa in Fig. 169 is 1.0. The value of k n for no noise 
is taken as unity, and all other values of k H , as shown by the dotted curve, 
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are obtained by taking the ratios of the ordinates in Fig. 168 to the ordi¬ 
nate for zero noise level. This method for determining k n is only an 
approximation, and gives more nearly the lower limit to the noise- 
reduction factor, which would apply only when the noise disturbs the 
listeners and not the speaker. But in general the noise bothers the 
speaker as well as the listener, and consequently the speaker will raise 
his voice in an attempt to speak above the noise. Experience has indi¬ 
cated that the solid-line curve in Fig. 169 is in better accord with the 
conditions which ordinarily prevail in an auditorium, and this curve 
should be used for determining the Value of k n in auditoriums. The 
manner of using this curve in practical problems is as follows: First 
determine, by measurement if necessary, the average noise level in the 
room under consideration. Take the ratio of this noise level (in decibels) 
to the probable level (also in decibels) of the speech in the room; and 
read off from the solid-line curve in Fig. 169 the appropriate value of k n . 
For example, if it is found that the average noise level in an auditorium 
is 20 db and the average speech is 50 db, the ratio of the noise level to 
the speech level is 0.4, and therefore the value of k n would be 0.93. This 
condition of noise is comparable with that found in auditoriums in which 
a reasonable degree of care has been exercised to eliminate all disturbing 
noise. The average noise prevalent in many auditoriums is consider¬ 
ably more than this and may often be as high as 30 to 40 db. Under 
such conditions of noise it is almost impossible to recognize speech of 
normal loudness. 


B. LOUDNESS 

127. Introductory. It is obvious that there is an upper limit to the 
size o f an auditorium in which unarnplified speech can be heard satis¬ 
factorily, simply because the sound energy is diluted to the extent that 
some of the feebler sounds of speech, especially the unvoiced consonants, 
become unrecognizable or even inaudible. In the design of auditoriums 
it.is necessary therefore to know how the loudness of speech is affected 
by the size of the auditorium, and also how the intelligibility of speech 
is affected by the loudness of the speech reaching the listeners. We 
hear better in the front rows of an auditorium than we do in the rear 
rows primarily because the sound is louder in the front rows, but second¬ 
arily because tEe^sound which we hear in the front rows is largely direct 
sound, and only a small portion of it is reflected or reverberant sound. 
On the other hand, the sound which reaches the rear rows of an audi¬ 
torium is not only reduced in intensity but is made up largely of reflected 
and interfering components of sound; that is, a large portion of the sound 
reaching the rear part of the auditorium is reflected or reverberant sound. 
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These two factors, namely loudness and reverberation, largely determine 
tke i ntelligibil ity of speech in a quiet auditorium, and both factors will 
now be considered. Loudness will be considered first. 

128. Effect of Loudness upon the Recognition of Speech in an Audito¬ 
rium. The work of Fletcher and Steinberg 1 has shown how the loudness 
of speech affects its recognition. In their experiments, the loudness of 
the speech was controlled by means of a resistance attenuator in a high- 
quality telephone and amplifier circuit. The gain or amplification of 
the amplifier was adjustable, so that the level of the speech could be 
given any value between zero and 120 db. Articulation tests obtained 
at different levels gave the data which are shown by the dotted curve 
in Fig. 170. 2 I t wi ll be seen from this curve that the optimal loudness 
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Fig. 170. Curves showing percentage speech articulation at different levels of speech 
(dotted-line curve), and the corresponding loudness reduction factor k[ (solid-line 
curve). 


of speech appears to be about 70 db, which corresponds to an intensity 
ten million times that' which would be just barely audible. This is 
somewhat louder than the normal level of speech in auditoriums, which 
is usually of the order of 50 to 60 db, or even less in very large audito¬ 
riums. The data represented by Fig. 170 indicate that if the loudness 
of undistorted speech be between 50 and 100 db, the articulation is 
above 90 per cent, which is wholly satisfactory. Below 50 db the articu¬ 
lation drops off rapidly as the level is further diminished. Thus, at 30 db 
the articulation is 66 per cent and at 20 db it is only 40 per cent. 

1 H. Fletcher, *' 1 Speech and Hearing.” 

* More recent work by J. C. Steinberg has modified slightly the shape of this curve, 
but the difference is not great enough to alter appreciably the results here deduced. 
See Jour. Acous. Soc., 1, 120 (October, 1929). 
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The solid-line curve shown in Fig. 170 has been derived from the 
broken-line curve. The solid-line curve gives the value of the loudness- 
reduction factor ki for different speech levels between zero and 120 db. 
The value of h at 70 db, the optimal level, is taken as unity, and the 
value of ki at all other levels is the ratio of the percentage articulation at 
that level to the percentage articulation at 70 db. The solid-line curve 
in Fig. 170 is useful in connection with Eq. (60), provided the average 
loudness level of a speaker's voice in an auditorium be known. 

129. Average Acoustical Power of Speakers in Auditoriums. The 
data on the effect of loudness upon speech articulation indicate that it 
would be desirable to maintain the intensity of speech in auditoriums at 
a level of not lower than 50 db, and preferably at a level between 60 and 
70 db. It has been mentioned previously that the average speaker in a 
large auditorium does not maintain a level as high as 50 db. It will be 
seen presently that he does reach or even surpass this level in small 
rooms, but in large, non-reverberant auditoriums it requires considerable 
effort on the part of the speaker to maintain an average level of 50 db, 
and in very large auditoriums it will be impossible to maintain this level 
without the aid of amplifiers. 

The approximate level of speech in an auditorium can be determined 
from simple calculations based upon some numerical constants of speech 
and hearing obtained by Bell Telephone engineers. 3 The data of Sacia 
and Sivian at Bell Laboratories indicate that the average speech power 
generated by an average speaker in normal conversation is about 10 
microwatts. The actual power output of different speakers, and even 
of the same speaker, varies widely from this average value. For ex¬ 
ample, they found that the peak power may sometimes rise to 2000 
microwatts. 

Every public speaker is fully aware that he must raise the intensity 
of his voice above the ordinary conversational level in order to be heard 
in a large auditorium. It is evident therefore that his energy output, 
particularly in very large auditoriums, will be considerably above the 
average conversational level of 10 microwatts. -?In order to determine 
the approximate power of the average speaker's voice in an auditorium, 
the author has obtained some measurements on the loudness of speakers' 
voices in a small and also in a moderately large auditorium. The meas¬ 
urements were made with the help of a microphone (suspended near the 
middle of the auditorium), an amplifier with an attenuation circuit and 
a head-set in its output, and a high-quality electric phonograph. The 
electric phonograph, with a calibrated volume control, was first used 

*H. Fletcher, ‘‘Useful Numerical Constants of Speech and Hearing,” Bell Syst. 
Tech. Jour., 4 , 375 (July, 1925). 
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for a source of speech in the auditorium. The loudness of the repro¬ 
duced speech was maintained at different measured levels, and at each 
level the attenuation circuit associated with the amplifier (which was 
located in a remote room) was adjusted until the speech, as heard in the 
head-set, was reduced to the minimal threshold of audibility. A similar 
adjustment of the attenuation circuit, when someone was speaking in 
the auditorium, gave a measure of the sound level of his voice. The 
method is essentially a substitution method in which the average level 
of the speakers voice is compared with a measurable level from the elec¬ 
tric phonograph. The results obtained from six male speakers (in¬ 
structors in the University) in the small auditorium are given in Table 
XXXIV. In every case the speaker was unaware that his voice was 
under observation until after the measurements were obtained. 

- The average level of the speaker’s voice, measured near the middle of 
the auditorium, depends principally upon the energy output of the 
speaker and the total absorption of the room and its contents. It has 
been shown that the average steady state volume density of diffuse 
sound energy p 0 in a room is proportional to the rate of emission of sound 
energy E and inversely proportional to the total absorption a in the room. 
The value of p 0 is given by 

4 E 

P0 = -- (20) 

In Eq. (20) E represents, for the present consideration, the average en¬ 
ergy output of the speaker, and po represents the average measured vol¬ 
ume density of the speaker’s voice as detected by the microphone and 
amplifier. In order to evaluate E in microwatts it is only necessary to 
evaluate p 0 and a in the proper units, and then solve (20) for E. The 
absorption a should be expressed in square centimeters of a perfectly 
absorbing surface, as an open window, and po should be expressed as an 
energy density, as microjoules per cubic centimeter. The determination 
of po is based upon the data of Fletcher and Wegel on the sensitivity of 
the normal ear. According to their data, barely audible speech in a 
quiet room would have approximately an intensity of 9 X 10~ 10 micro¬ 
watt per square centimeter. The average volume density, assuming a 
uniform distribution of sound energy throughout the room, would be 
therefore, at minimal audibility, 9 X 10 10 /c, or 2.6 X 10~ w microjoule. 
If, then, the actual level of the speech in the room has been measured in 
decibels, it is possible to evaluate po in microjoules per cubic centimeter 
by the familiar relation db = 10 log w po/p«, where p* is the volume 
density at the minimal threshold, that is, 2.6 X 10 -14 microjoule per 
cubic centimeter. With po and a known, and evaluated in these appro- 
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priate units, Eq. (20) can be solved for E. The result will give, in micro¬ 
watts, the average power output of a speaker. The values of the aver¬ 
age power of speakers' voices given in the last columns of Tables XXXIV 
and XXXV were determined in this manner. 

Table XXXIV 


Volume of room = 27,200 cubic feet (770 cubic meters). 

Absorption of auditorium (empty) = 472 square feet (43.9 square meters). 


Speaker 

Observed Average 
Sound Level* 
in decibels 

Total Absorption 
in Room 
in square meters 

Average Power of 
Speaker’s Voice 
in microwatts 

1 (man) 

51 2 

108 9 

32 5 

2 “ 

56 2 

70 6 

66.2 

3 “ 

50 9 

82 8 


4 « 

48 3 

54 9 

8.5 

5 “ 

44 7 

67 9 

4 5 

6 M 

53 0 

66 5 


Average 

50.7 


27 4 


* The average level of each speaker was based upon many observations taken 
during the course of an hour’s lecture. 


It will be noticed that the speech power of the six different speakers 
listed in Table XXXIV varies between rather wide limits, namely, from 
4.5 to 66.2 microwatts. Even the same speaker exhibited a wide varia¬ 
tion, for in some instances the power would momentarily surge to a 
peak value of 1000 or 2000 microwatts, and at other times would drop 
to 1 microwatt or even less. The average power for the six speakers is 
27.4 microwatts. It is admittedly impossible to obtain an accurate 
determination of the mean power of the average speaker in an auditorium 
from so few as six speakers. However, the average value obtained from 
these measurements is certainly a good approximation, and is sufficiently 
representative of the normal value to serve a useful purpose. On the 
basis of these few measurements, it appears that in a small auditorium 
(27,200 cubic feet) the average speaker increases the power of his voice 
about 170 per cent above the power level of ordinary conversation in a 
small room, which telephone engineers have found to be about 10 micro¬ 
watts. 

A similar series of measurements on the power of speakers' voices in a 
larger auditorium gave the results in Table XXXV. 

Again, it will be noticed that the different speakers vary considerably 
in their speech power, from 23.4 to 142.0 microwatts. As would be 
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Table XXXV 


Volume of room = 240,000 cubic feet (6790 cubic meters). 

Absorption of auditorium (empty) = 3600 square feet (335 square meters). 


Speaker 

Observed Average 
Sound Level 
in decibels 

Total Absorption 
in Room 
in square meters 

Average Power of 
Speaker’s Voice 
in microwatts 

1 (man) 

49 4 

335 

65 5 

2 “ 

45.6 

335 

27 5 

3 « 

46.1 

413 

37.8 

4 (woman) 

43.0 

632 

28 4 

5 (man) 

43.5 

531 

26.8 

6 “ 

51 0 

502 

142 0 

7 “ 

42.7 

560 

23.4 

8 (woman) 

44 3 

629 

38 2 

Average 

45 7 


48 9 


expected, the average person speaks with greater energy in a large audito¬ 
rium than he does in a small one. Thus, the average power of the 
speaker’s voice in the large auditorium is 48.9 microwatts compared with 
27.4 microwatts in the small auditorium. However, the increase in the 
average power of a speaker’s voice in the large auditorium is not suffi¬ 
cient to compensate for the diminution of loudness owing to the greater 
amount of absorption in the larger room. Thus, the observed average 
sound level of six speakers in the small auditorium ivas 50.7 db, whereas 
the average level for eight (other) speakers in the large auditorium was 
only 45.7 db. It will be noticed, by referring to Fig. 170, that a level of 
only 45.7 db is approaching a dangerously low point. A slight disturb¬ 
ance from noise or reverberation, or a slight “ fading ” of the voice, will 
result in unsatisfactory hearing — a phenomenon which is observed all 
too frequently in auditbriums. 

C. REVERBERATION 

130. Effect of Reverberation upon the Hearing of Speech in a Small 
Room. In order to describe the reverberatory properties of a room it is 
necessary, as has been mentioned previously, to specify the time of rever¬ 
beration for tones of different pitch, for example, throughout the range 
of pitch between 128 and 4096 cycles. For many purposes, however, 
it is sufficient to consider the time of reverberation for a single tone of 
512 cycles. This is done very widely in practice, and is a safe expedient 
provided the absorptive materials in the room do not exhibit marked 
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selectivity in their absorptive properties. Whenever the term time of 
reverberation is used, without specification of frequency, it refers to the 
time required for a tone of 512 cycles to decay 60 db. It should be 
remembered, however, that it is important to give consideration to the 
times of reverberation for tones throughout the entire audible range, 
and that, for the control of reverberation in rooms, materials should be 
selected which will provide the optimal reverberation characteristics for 
tones of all pitch. Many materials, especially thin, porous materials, 
exhibit high absorption for high frequencies but relatively low absorp¬ 
tion for low frequencies. Thus, in rooms treated with selectively absorp¬ 
tive materials, as thin felts or thin acoustical plasters, the time of rever¬ 
beration may be as long as 5.0 seconds at 128 cycles and only 1.0 second 
at 2048 cycles. Obviously, it would be hazardous to describe the rever¬ 
beration of such rooms in terms of the time of reverberation at a single 
frequency. In most rooms, however, and particularly in rooms in which 
an audience is present, the time of reverberation at 128 cycles is not more 
than about two times the time of reverberation at 512, and for frequencies 
above 512 the reverberation is nearly uniform. Under such conditions, 
and these are most frequently encountered in practice, the time of rever¬ 
beration at 512 cycles gives a fairly reliable index of the general condition 
of reverberation in the room, and it serves as a simple and single quan¬ 
tity for describing the reverberatory characteristics of a room. 4 

In order to determine the quantitative effects of reverberation upon 
the recognition of speech in a small room (4096 cubic feet), articulation 
tests have been conducted in such a room in which the time of reverbera¬ 
tion was controlled by bringing into the room different amounts of 1-inch 
hair felt. In this way it was possible to reduce the time of reverberation 
in the room from 5.01 seconds to 0.50 second. During the tests the 
listener had his back turned to the caller so that there was no chance for 
the listener to see the lips and face of the caller. 

The results of the speech tests conducted in this room are shown in 
Fig.* 171. It will be noted that the percentage articulation improved 
continuously as the time of reverberation in the room was reduced. The 
articulation was only 62 per cent when the time of reverberation was 
5.0 seconds, but it increased to 94 per cent when the reverberation was 
reduced to 0.50 second. These tests indicate that the optimal time of 
reverberation is certainly not more than 0.50 second, and is probably 
less. This is to be expected in a small room since there would be an 

4 It should be mentioned again that, in calculating for reverberation, separate 
computations should be made for frequencies of at least 128, 512, and 2048 cycles. 
This will insure the selection of materials which will give a proper balance to the 
reverberation. 
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abundance of speech energy even when the time of reverberation is 
reduced to a small fraction of a second. It was not possible, with the 
materials then available, to reduce the time of reverberation in the room 
below 0.50 second, but the effect of an even shorter time of reverberation 
was determined by conducting similar speech-articulation tests in the 
quiet out-of-doors where the reverberation was practically nil. With 
the caller and listener occupying the same relative positions as they did 
in the small room, the syllable or word articulation was 95.7 per cent. 
This indicates that even a very short time of reverberation in a small 
room — 0.50 second — produces a slight interfering effect, since the 
highest word articulation obtained in the room, at 0.50 second, was 94 



1.0 2.0 3.0 4.0 5.0 6.0 

Reverberation-Seconds 
(512 Cycles) 

Fig. 171. Curve showing the percentage speech articulation for different reverbera¬ 
tion times in a small room. 

per cent. However, the difference between 94 per cent and 95.7 per 
cent is very small, and an articulation of 94 per cent provides unusually 
good hearing conditions. The results show very decisively the advan¬ 
tage of short reverberation times for all small rooms in which speaking 
is an important factor. 

131. Effect of Reverberation upon the Hearing of Speech in Large 
Auditoriums. A further study of the effect of reverberation upoh the 
hearing of speech has been conducted in a series of large auditoriums, all 
having approximately the same shape (rectangular with balcony) and 
the same volume (200,000 to 300,000 cubic feet) but different times of 
reverberation, varying from 8.5 seconds down to 0.85 second. The 
results of these tests are shown by the small circles in Fig. 172. The 
lower curve is drawn to represent the most probable fit with the observed 
data. The results of these tests are similar to those obtained in a small 
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room. It will be noted that the articulation decreases approximately 
6 per cent for each additional second of reverberation. It is evident 
therefore that a deviation of one or two tenths of a second from the 
optimal reverberation time can be readily tolerated — such a deviation 
resulting in loss of articulation of only 1 per cent or less. 

The lower curve in Fig. 172, which represents the mean result of the 
experimental determinations, was not obtained for a constant level of 
speech, because the intensity is dependent upon the amount of absorp¬ 
tion in the room, which varied from about 1500 sabines in the most 
reverberant to more than 9000 sabines in the least reverberant audito¬ 
rium. Assuming the average power of the speakers’ voices to remain 



Reverberation—Seconds 


Fig. 172. Curves showing the interfering effect of reverberation upon the hearing 
of speech. The lower curve represents the most probable fit with the observed 
data. The upper curve represents w hat the percentage articulation would have 
been if the level of the speech had been 70 db. 


constant, the resulting intensity of the speech in each auditorium would 
be almost inversely proportional to the total amount of absorption in 
that auditorium. On the basis of the average power of the speakers’ 
voices used in these tests, which was determined experimentally (see 
Sec. 129), and the amount of absorptive material in each auditorium, 
it was possible to calculate the average level of the speech in each audito¬ 
rium. From these data, and the articulation data given in Fig. 170, 
it is possible to apply a correction to the lower curve in Fig. i72 which 
will give the percentage articulation which would have been obtained 
if the average level of the speech had been maintained at 70 db, that is, 
at about the optimal level for the hearing of speech. The upper curve 
in Fig. 172 shows the result of applying such a correction. The dotted 
portion of the curve has been extrapolated, but such an extrapolation 
seems justified by the articulation tests which were conducted in the 
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smaller room, in which the time of reverberation was reduced to 0.50 
second. 

By means of the upper curve in Fig. 172 it is possible to determine 
the value of k r , the reduction factor corresponding to different times of 
reverberation. This is useful in connection with Eq. (60) for calculating 
the probable articulation in an auditorium. The value of k r is arbi¬ 
trarily taken as unity for a time of reverberation of 0.50 second. Then 
the value of Av for any other time of reverberation is the ratio of the per¬ 
centage articulation at that time of reverberation to the percentage 
articulation for a time of 0.50 second. The curve in Fig. 173 gives the 
value of kr obtained in this manner for times of reverberation between 



Time of ReverberaUon—Seconds 

Fia. 173. Curve giving the reverberation reduction factor A> for different times of 
reverberation. 

0.50 second and 8.5 seconds. It will be seen that k r decreases almost uni¬ 
formly as the time of reverberation increases from 1.0 to 6.0 seconds. 
Above 6.0 seconds the rate of decrease of k r appears to be less rapid. 

The articulation data obtained in these tests show quantitatively the 
importance of reducing ,the time of reverberation in large speech rooms. 
If the loudness of speech in large rooms were adequate it would be advan¬ 
tageous to reduce the time of reverberation to zero, but since the aver¬ 
age level of speech in large auditoriums is considerably below’ the op¬ 
timal level of 70 db, any reduction of reverberation produces a corre¬ 
sponding decrease in the average intensity of the speech w r hich will be 
detrimental to good hearing. Therefore, as will be shown in Part D of 
this chapter, the combined effects of loudness and reverberation conspire 
to make a particular time of reverberation the most advantageous one 
for an auditorium of a certain size. Before taking up this problem, how¬ 
ever, further consideration will be given to the effect of the variation 
of reverberation time with frequency. 
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132. Variation of Reverberation with Frequency and Its Relation to 
the Quality of Speech. It has been mentioned repeatedly that the 
reverberation characteristics of a room cannot be precisely represented 
by a single quantity, as for example by the time of reverberation at 512 
cycles, although such a single-frequency representation is very useful 
for purposes of calculation or comparison, and is warranted if used with 
an understanding of how the reverberation time depends upon the 
frequency. It is necessary therefore to give careful consideration to the 
times of reverberation for different frequencies throughout the speech 
and music range, or to know the shape of the characteristic reverberation 



Frequency—Cycles per Second 

Fig. 174. Reverberation characteristic of a room treated with a thin, porous ma¬ 
terial that is selectively absorptive at high frequencies. 

curve 9 that is, the time of reverberation plotted as a function of frequency. 
There are certain tolerable variations of reverberation with frequency, 
and there is perhaps a most suitable or an optimal type of reverberation 
for both the generation and reception of speech. A casual consideration 
of the subject indicates that a very wide variation in reverberation time 
with frequency is not desirable, since those frequency components for 
which the reverberation time is long would be over-emphasized and 
excessively prolonged, whereas those frequency components for which 
the reverberation time is short would be under-emphasized, or completely 
masked, and would die away to inaudibility all too soon. Just such 
a condition as this exists in a room which is treated with thin porous 
materials which are highly absorptive for high frequencies and poorly 
absorptive for low frequencies. Such materials may give to a room a 
reverberation characteristic similar to that shown in Fig. 174; that is, 
the reverberation time is 4 or 5 seconds for frequencies below 128, and 
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only 1 second or less for frequencies above 1024. On the basis of the 
reverberation time for 512 cycles, this room might be considered to pos¬ 
sess the optimal time of reverberation for speech, and yet it is obvious 
that such a room would not have ideal reverberatory properties. The 
low frequencies would “ boom ” loud and long, and the high frequencies 
— which contribute so fundamentally to the consonantal sounds of 
speech — would be damped and masked almost beyond recognition. 

The question arises, then, what type of reverberation characteristic 
is most desirable? Should it be a uniform or flat characteristic, that is, 
one in which the time of reverberation is the same for all audible fre¬ 
quencies; or should it be a characteristic which increases with the fre¬ 
quency; or one which decreases with the frequency? The best type of 
characteristic would be one which would allow all the frequency com¬ 
ponents of speech to build up and die away at such rates that during 
the growth and decay, as well as during the steady states, all the fre¬ 
quency components would be maintained at such sound levels as would 
provide the most natural and pleasing quality of speech. In order to 
provide this condition, it would seem that during the decay, for example, 
all frequency components should reach the threshold of audibility at 
the same time. If all the frequency components of speech in a room 
were of such intensities as to be the same number of decibels above the 
minimal threshold during the steady state, then during the decay of the 
speech all components would reach the threshold of audibility at the 
same time provided the reverberation time were constant for all fre¬ 
quencies. But it is well known that, on the average, the very low fre¬ 
quencies and the very high frequencies in speech are at lower levels than 
the level of the intermediate frequencies. Thus, the curves in Fig. 51, 
which give relative values of the average speech level per octave, indi¬ 
cate that the level for both men's and women's voices has a maximum 
at about 600 cycles, and that it drops off gradually for both lower and 
higher frequencies. Obviously, then, the reverberation time in a speech 
room should be shorter at about 600 cycles than at lower or at higher 
frequencies, and in order that all frequency components reach the min¬ 
imal threshold at the same instant, the time of reverberation at each 
frequency should be inversely proportional to the level in decibels at 
that frequency, that is 

tS = constant, (62) 

where S is the level of the speech (in decibels) at a particular frequency 
and t is the required time of reverberation at that frequency. Thus, if 
the speech level be 46 db at 512 cycles and only 23 db at 64 cycles, then 
the time of reverberation at 64 should be twice as long as the time of 
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reverberation at 512. Thus, if the optimal time at 512 be 1.3 seconds, 
then the optimal time at 64 should be 2.6 seconds. For frequencies 
above about 1000, the optimal time should be greater than the optimal 
time at 512. By means of Eq. (62) and the data contained in Fig. 51, 



Fig. 175. Reverberation characteristic for a speech room. With such a character¬ 
istic the different frequency components of average speech will die away at such 
rates that all components will reach inaudibility at about the same instant. 


it is possible to construct the characteristic reverberation curve which 
should be best adapted for average speech conditions. Such a curve is 
shown in Fig. 175 for a room in which the optimal time of reverberation 
at 512 cycles is 1.3 seconds. 

Since the time of reverberation is nearly inversely proportional to the 
amount of absorption in a room, the absorptive characteristic of the 



Frequency—Cycles per Second 

Fig. 176. Absorption characteristic of the boundaries of a room required to give 
a reverberation characteristic similar to that shown in Fig. 175. 


average boundaries and contents of the room, in order to give a rever¬ 
beration characteristic similar to that shown in Fig. 175, should be sim¬ 
ilar in form to Fig. 176. That is, the absorptive material in the room 
should have the highest absorption at a frequency of about 600 cycles, 
and then should diminish for frequencies both below and above that 
frequency. At 128 and at 4096 cycles the coefficient should be about 
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75 per cent of the coefficient at 512 cycles. This would call for absorp¬ 
tive materials somewhat similar to thick hair felt, that is, for mater ials 
which are both porous and flexible, so that there would be a rather broad 
but selective absorption in the frequency range around 512 to 1024 
cycles. 

MacNair 5 arrives at a somewhat similar result for the optimal reverber¬ 
ation characteristic for a room by proposing the criterion that the loud¬ 
ness of all frequency components should decay at the same rate. In 
order to recognize the significance of this criterion it is necessary to refer 
again to Fig. 44, which shows the relation between the loudness and the 
sound level of pure tones of different pitch. Thus, a tone of 150 cycles 
which has a sound level of 30 db is judged to be as loud as a tone of 



Fia. 177. Absorption characteristic of the boundaries of a room required to give a 
constant rate of growth or decay of loudness for all frequency components of speech 
or music. 

1000 cycles which has a sound level of 50 db. Because of this relation 
between sound level and loudness, it is necessary that low-frequency 
components (below 700 cycles) die away more slowly than do high- 
frequency components if all frequency components of complex sounds 
are to maintain the same rate of change of loudness during the growth or 
decay of complex sounds. In order to satisfy this requirement, the 
absorptive characteristic of the boundaries and contents of a room 
should be similar to that shown in Fig. 177. That is, the absorptive 
material in the room (including the audience) should have an increasing 
coefficient of absorption between 64 and 700 cycles — increasing ap¬ 
proximately two fold through this range of frequencies; it should have a 
constant coefficient for all frequencies between about 700 and 4000; 
and it should decrease slightly for frequencies above 4000. Such an 
absorption characteristic is approximately supplied by an audience, and 

* W. A. MacNair, “Optimum Reverberation Time for Auditoriums,” Jour. Acous. 
Soc., 1, 242 (January, 1930). 
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it is a significant fact that an audience of sufficient size provides a highly 
satisfactory means of reducing the reverberation in rooms which are 
reputed to possess good acoustics. 

This suggests another possible criterion which must not be overlooked 
in determining the most satisfactory type of reverberation characteristic 
for a room: namely, that man possesses an inherent preference for the 
type of reverberation to which he is accustomed, that is, he has become 
adapted to types of reverberation which have been characteristic of 
existing rooms. For many generations man has lived in rooms which 
are finished and furnished with materials which are, as a rule, more ab¬ 
sorptive for the high frequencies than for the low frequencies, and con¬ 
sequently he has become accustomed to hearing speech under these con¬ 
ditions — a circumstance which undoubtedly has developed in man an 
unconscious preference or prejudice in favor of absorptive materials 
which are more absorptive for the high than for the low frequencies. 

All three of the criteria just considered — the frequency distribution 
of the sound level of speech, the relation between loudness and sound 
level, and man's adaptation to the acoustical properties of furnished 
rooms — certainly have a bearing upon the type of absorptive character¬ 
istic a material should have in order to give the most satisfactory acous¬ 
tical properties to a room. All three of these factors suggest that the 
coefficient of sound-absorption of acoustical materials for speech rooms 
should increase with the frequency up to about 700 cycles. The first 
two criteria suggest that the coefficient should increase almost uniformly 
from 64 to 700 cycles — and the total increase in this range should 
amount to approximately 100 per cent. That is, if a material have a 
coefficient of 0.50 at 700 cycles, it should have a coefficient of 0.25 at 
64 cycles. For frequencies above about 700, the first criterion (Fig. 176) 
would suggest the desirability of a decreasing coefficient of sound- 
absorption, whereas the second criterion (Fig. 177) suggests a preference 
for a constant coefficient between 700 and 4000 cycles, and a slightly 
decreasing coefficient above 4000 cycles. A decreasing coefficient for 
the higher frequencies (above about 1000 cycles) is further indicated by 
reason of (1) the masking effect which low frequencies have upon high 
frequencies, (2) the importance which high frequencies possess in pre¬ 
serving the intelligibility and naturalness of speech, and (3) the high 
absorption in the air of the higher frequencies. A consideration of all 
the factors which have a bearing upon the type of reverberation charac¬ 
teristic which will be best adapted for the control of reverberation in 
speech rooms seems to point to a characteristic similar to that shown in 
Fig. 176. Until further quantitative data are obtained it would seem 
that materials having an absorptive characteristic similar to that exhib- 
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ited by Fig. 176 would be the most satisfactory for the acoustical treat¬ 
ment of speech rooms. This characteristic does not differ appreciably 
from the one proposed by MacNair (Fig. 177) for frequencies below 700 
cycles, and the high absorption in the air at high frequencies certainly 
calls for a decreasing coefficient for frequencies above about 1000 cycles. 

Experience indicates that fairly large departures from the reverbera¬ 
tion characteristic exhibited in Fig. 176 are admissible without serious 
impairment of the acoustical quality of speech rooms. For example, 
speech-articulation tests conducted in two different auditoriums which 
differed widely in their reverberation characteristics indicate that the 
type of reverberation characteristic does not have so pronounced an 
effect upon speech articulation as one might anticipate. Thus, the small 
circles in Fig. 172 designated by a and b do not depart appreciably from 
the smooth curve, which gives the percentage articulation for audito¬ 
riums having different times of reverberation at 512 cycles, although the 
articulation represented by a is for an auditorium which showed a nearly 
uniform absorption characteristic for all frequencies and the articulation 
represented by b is for an auditorium in which the reverberation time 
is very much longer for low frequencies than for high frequencies. 
Thus, for the auditorium indicated by a in Fig. 172 the time of rever¬ 
beration was 1.05 seconds at 128 cycles and 0.85 second at 512 cycles. 
On the other hand, the time of reverberation for the auditorium marked b 
was nearly 5.0 seconds at 128 cycles and 1.9 seconds at 512 cycles. It 
is true that the articulation in the auditorium marked a is slightly better 
than is indicated by the smooth curve, and the articulation in the audito¬ 
rium marked 6 is slightly poorer than is indicated by the smooth curve, 
although the differences are not much greater than the experimental 
error in obtaining the data. It is thus probable that the departures of 
the points a and b from the smooth curve in Fig. 172 are attributable 
to the manner in which the reverberation varies with pitch; but it 
should be remembered that since these departures are small it is not prob¬ 
able that those absorptive materials which conform precisely to the 
preferred type of characteristic, such as is represented by Fig. 176, will 
prove far superior to absorptive materials which are commonly used for 
acoustical treatment of rooms. However, it seems advisable to give 
a preference to materials which have absorptive characteristics com¬ 
parable with the one indicated by Fig. 176, and manufacturers of acous¬ 
tical materials should attempt to develop ones which will at least ap¬ 
proximate the characteristic here proposed. The use of such materials 
seems desirable for the preservation of naturalness in the quality of 
speech, even though it may not contribute much to the articulation or 
intelligibility of speech. Architectural acoustics attains its highest aim 
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in the design of speech rooms only when it imparts to those rooms qual¬ 
ities which give both the optimal conditions for the recognition of speech 
and also the most favorable conditions for the preservation of the beauty 
of speech; and the use of materials having the most favorable absorp¬ 
tivity at all frequencies is one expedient for this aim. 

D. COMBINED EFFECTS OF LOUDNESS AND 
REVERBERATION — CALCULATION OF 
PERCENTAGE ARTICULATION 

133. Loudness and Reverberation. In the earlier sections of this 
chapter the effects of loudness and reverberation upon the hearing of 
speech in auditoriums have been considered separately. It is obviously 
necessary to consider the joint effects of these two factors as they are 
encountered in auditoriums. Thus, it is apparent that as the time of 
reverberation in an auditorium is reduced the average loudness of speech, 
assuming the speaker to maintain a constant rate of speech power, will 



Volume 

Fia. 178. Curve showing the probable speech power in auditoriums of different 
sizes. 


be reduced correspondingly. Since in general the average power of 
unamplified speech in an auditorium is considerably below the loudness 
for the optimal articulation, there should be a particular time of rever¬ 
beration which will give the best choice between reverberation and loud¬ 
ness. That is, the effects of reverberation and loudness, acting jointly, 
determine the optimal time of reverberation for the recognition of speech 
in any auditorium. This optimal time of reverberation is attained 
when a further reduction in the reverberation will concurrently reduce 
the loudness of the speech to the extent that the impairment produced 
by the diminished loudness will just compensate for the improvement 
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occasioned by the reduction of the reverberation. The manner in which 
this occurs is indicated by the data given in Table XXXVI, which ap¬ 
plies to an auditorium having a volume of 400,000 cubic feet. In the 
first column is given the time of reverberation in the room at a frequency 
of 512. The average speech intensity, expressed in terms of the minimal 
audible intensity of speech, is given in the second column. The data in 
the table are based upon the assumption that the average speaker will 
maintain an average speech power output of 54 microwatts, which is the 
value obtained from the curve in Fig. 178. It will be noted that the av¬ 
erage speech intensity has been taken as proportional to the time of rever¬ 
beration in the room, that is, inversely proportional to the total amount 
of absorption in the room. (This assumes that the steady state has 
been reached, which is approximately the case. It also assumes the 
Sabine reverberation formula, which is sufficiently accurate for these 
calculations.) The third column in Table XXXVI gives the average 
level of speech in the auditorium, expressed in decibels. The value of 
the loudness-reduction factor is given in the fourth column (obtained 
from Fig. 170), and the value of the reverberation-reduction factor 
(obtained from Fig. 173) is given in the fifth column. In the last col¬ 
umn is given the product kik r . The percentage articulation in the room, 
according to Eq. (60) which includes the factor kfa, is therefore propor¬ 
tional to the values given in this last column. 

Table XXXVI 

Volume of auditorium = 400,000 cubic feet (11,330 cubic meters). 

Average speech power = 54 microwatts. 


Time of 
Reverberation 
in seconds 

Average 

Speech 

Intensity* 

Average 
Speech Level 
in decibels 

h 

hr 

Mr 

0 50 

0 665X10* 

38 2 

0 850 

1 00 

0 850 

0 75 

1 00 

40 0 

.874 

993’ 

.868 

1 00 

1 33 

41 2 

885 

.982 

.870 

1 25 

1.66 

42 2 

894 

.967 

.865 

1 50 

2 00 

43.0 

.900 

.953 

.858 

2.00 

2.66 

44 3 

.910 

.924 

.840 

3 00 

4 0 

46.0 

.925 

.837 

.775 

4.00 

5 3 

47 3 

.936 

.752 

.704 

6.00 

8 0 

49 0 

.950 

.600 

.570 

8.00 

10.6 

50.3 

.959 

510 

.489 


* The speech intensity is given in terms of the minimal audible speech intensity. 



390 


ACOUSTICS OF SPEECH HALLS 


It will be noted that the product kik r has a maximum for a time of rever¬ 
beration of 1.00 second; that the product decreases only slightly for 
times of reverberation below 1.00 second; and that it decreases appreci¬ 
ably for times of reverberation above 1.00 second. However, the prod¬ 
uct does not vary appreciably for times of reverberation between about 

O. 75 and 2.00 seconds, indicating that throughout this range the benefit 
derived from reducing the reverberation is approximately nullified by 
the concomitant reduction in loudness. It is possible to obtain data 
similar to those given in Table XXXVI for an auditorium of any size 
and any time of reverberation. The procedure would be as follows: 
First determine from Fig. 178 the probable speech power of the average 
speech in the room, and, assuming that the speaker maintains this power 
output for different times of reverberation, calculate the resulting level 
of speech in an auditorium of this size for different times of reverberation. 
The values of ki and k r can be determined directly from the curves in 
Figs. 170 and 173, respectively. The optimal time of reverberation is 
then the time for which the product kik r is a maximum. 

134 . Hearing of Speech in Auditoriums — Calculation of Percentage 
Articulation. It was found in the preceding section that loudness and 
reverberation influence speech in such a way that there is an optimal 
time of reverberation for the hearing of speech in an auditorium of a 
certain size. It is to be anticipated that more reverberation will be 
tolerated in large auditoriums than in small ones simply because the 
increased reverberation promotes loudness. For auditoriums of con¬ 
ventional shape, that is, of the rectangular type, so that there are no 
outstanding defects, such as sound foci, echoes, or long-delayed reflec¬ 
tions, the value of k s will be approximately 1.0. Further, if it be as¬ 
sumed that the noise in auditoriums has been reduced to a relatively 
low level (about 13 db), so that the intensity level of residual noise is 
only one fourth of the intensity level of the speech, the value of k n 
will be 0.96. Then Eq. (60) becomes 6 

P.A. = 92.2 krki (60') 

By means of this equation, it is possible to calculate the probable P.A. 
in auditoriums of different sizes. The curves in Fig. 179 have been 
determined by means of this equation and a series of tables similar to 
Table XXXVI. The curves in Fig. 179 indicate the probable values of 

P. A. in auditoriums of different sizes and with different times of reverber¬ 
ation. Thus, curve (a) is for an auditorium having a volume of 25,000 
cubic feet, and times of reverberation from 0.5 second up to 8.0 seconds. 
In like manner, curves (5), (c), (d), and ( e ) give the probable values of 

6 The abbreviation P.A. will be used for percentage articulation. 
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P.A. in auditoriums having volumes of 100,000 cubic feet, 400,000 cubic 
feet, 800,000 cubic feet, and 1,600,000 cubic feet, respectively. If an 
articulation of 75 per cent be regarded as the minimal admissible articu¬ 
lation for satisfactory hearing in an auditorium, and such a limit seems 
to be pretty well established by experience, it is apparent that the 
average speaker will not be heard satisfactorily in an auditorium larger 
than about 1,000,000 cubic feet, no matter what condition of reverbera¬ 
tion has been provided for the auditorium. 7 In an auditorium as large 
as 800,000 cubic feet, the reverberation should not exceed about 1.95 
seconds if the P.A. is to be above the critical value of 75 per cent. Sim- 
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Fig. 179. Percentage articulation curves in auditoriums of different sizes and with 
different times of reverberation. These curves indicate that there is an optimal 
time of reverberation for the hearing of speech in an auditorium of a certain size. 


ilarly, in order that the P.A. be not less than 75 per cent in an auditorium 
having a volume of 400,000 cubic feet, the time of reverberation should 
not exceed 2.35 seconds; and in an auditorium having a volume of 
100,000 cubic feet the time of reverberation should not exceed 2.70 
seconds. In general, the times of reverberation just specified are the 
longest which can be tolerated, that is, they indicate the longest admis¬ 
sible times of reverberation (with the smallest audience present) for satis¬ 
factory hearing. All these conclusions are based upon the assumption 
that noise has been reduced to a relatively low level, and that there are 

7 With absolute quiet in the room and with a speaker with a loud and distinct voice 
it may be possible to hear satisfactorily in an auditorium as large as 1,000,000 cubic 
feet, but under the conditions ordinarily met in practice the hearing of unamplified 
speech will be unsatisfactory in auditoriums of this size. 
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no defects from shape, such as echoes or interfering reflections. In the 
presence of greater noise, or other defects, it may be advisable to reduce 
the upper limits of reverberation times somewhat below those indicated 
in the foregoing discussion. 

It should be borne in mind that the curves in Fig. 179 apply to the 
average speaker, and that speakers with weak voices will not be heard 
so well as is indicated by the curves. The curves in Fig. 180 have been 
calculated for different speakers in the same auditorium — one having 
a volume of 400,000 cubic feet. These curves apply to a group of four¬ 
teen instructors in the University of California at Los Angeles. Curve 
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Fig. 180. Group of curves showing how the loudness of a speaker’s voice affects the 
hearing of speech in auditoriums. These curves are for a rectangular auditorium 
having a volume of 400,000 cubic feet. The loudness of a speaker’s voice is seen 
to be an important factor. 

(/) is for the speaker with the weakest voice in the group of fourteen. 
It will be seen that the articulation for such a speaker, even under the 
most favorable listening conditions in this auditorium, does not exceed 
70 per cent. It is to be expected therefore that such a speaker would 
not be heard satisfactorily in an auditorium of 400,000 cubic feet, and 
in this particular case experience confirms the expectation. On the 
other hand, the curve marked (6) is for the loudest speaker in this group 
of fourteen, who should be, and is, readily heard in an auditori um of 
400,000 cubic feet. The curve marked (e) is for the average of the four 
weakest, and that marked (c) for the average of the four loudest, speakers 
tested. The curve marked (d) is for the average of all speakers. It will 
be noted that the louder speakers are heard very much better than the 
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weaker ones — the highest articulation for the loudest speaker is 84 per 
cent as compared with 70 per cent for the weakest speaker. This differ¬ 
ence is quite significant, inasmuch as an articulation of 75 per cent is 
required for satisfactory hearing. It explains quantitatively why some 
speakers are heard very nuch more satisfactorily than others. It also 
will be noted, by referring to the curves in Fig. 180, that the optimal 
time of reverberation is different for different speakers even in the same 
auditorium, varying from about 0.85 second for the loudest speaker to 
1.50 seconds for the weakest. However, a time of reverberation of 
about 1.0 to 1.25 seconds will quite satisfactorily approximate the op¬ 
timal hearing conditions for all speakers. 

Curve (a) in Fig. 180 has been calculated upon the assumption that 
the speech has been amplified, without distortion, to a level of 60 db, 
with a background of noise of only 15 db, and with a time of reverbera¬ 
tion of 1.0 second. The advantage of such distortionless amplification 
of speech is clearly indicated. Thus, when the time of reverberation 
is less than 1.0 second the articulation is 90 per cent, which can be re¬ 
garded as practically perfect for the hearing of speech. This curve 
shows that suitable amplifiers, such as public address systems, provided 
they are free from distortion and noise, are of great value in large audito¬ 
riums. At times, such amplifiers are also beneficial in smaller audito¬ 
riums, especially if the auditorium is beset with disturbing noise, or if 
some of the speakers who use the auditorium have weak voices. 

136. Optimal Time of Reverberation for Speech Rooms. In the de¬ 
sign of auditoriums it is of the utmost importance to know to just what 
extent the reverberation should be reduced in order to secure the most 
nearly ideal acoustical properties. In rooms which are intended for 
speech, the chief consideration is to provide the condition which will 
enable the listeners to hear speech with the greatest ease and accuracy. 
There is, of course, the other factor which should receive consideration, 
namely, the naturalness or the euphony of the speech. This would 
apply particularly to rooms which are intended for dramatic purposes, 
where it is necessary to secure a certain dramatic effect or an atmosphere 
of reality; if a room be either over-treated or under-treated it may lose 
some of these characteristics of naturalness or reality. However, it is 
a prime essential that the speech be heard clearly and easily, and if the 
room be adjusted to provide the highest possible P.A., it is not likely that 
the room will be so dead as to be oppressive — a complaint which is 
sometimes made against rooms which are highly damped, as radio 
broadcast or talking-picture studios. 8 

8 The experience of the author indicates that these complaints are made by people 
who are accustomed to fairly live rooms, and that even those who at first register 



394 


ACOUSTICS OF SPEECH HALLS 


It will be noted that the curves in Fig. 179, which give the probable 
values of the P.A. for the average speaker in auditoriums of different 
sizes, all have well-defined maxima. These maxima occur at reverbera¬ 
tion times which depend upon the size of the auditorium — varying 
from somewhat less than 1 second for small auditoriums to about 1.5 
seconds for rather large auditoriums. Obviously, these maxima give 
the optimal times of reverberation that a room should have if the sole 
consideration is that of providing conditions which will enable the listen¬ 
ers to hear speech with the least effort and with the highest intelligibility. 
The curve in Fig. 181 was obtained by plotting the times for the maxima 
in Fig. 179 as a function of the size of the auditorium, and therefore this 
curve gives the time of reverberation which an auditorium should have 
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Fig. 181. Curve giving the optimal time of reverberation (at 512 cycles) for the 
hearing of speech in auditoriums of different sizes. 


in order that unamplified speech be recognized with the greatest ease 
and accuracy. Class rooms, lecture rooms, court rooms, dictation rooms, 
and all rooms where it is important that speech be heard with the fewest 
possible errors, should be designed to have times of reverberation approx¬ 
imately equal to those given by the curve in Fig. 181. In theatres, 
churches, school auditoriums, or other rooms which are used for both 
speech and music, the optimal time of reverberation is about 25 to 50 
per cent greater than the time given by the curve in Fig. 181. It should 
be remembered that this curve gives the optimal time of reverberation 
for a tone of 512 cycles, and the times of reverberation at other fre¬ 
quencies should have approximately such values that the reverberation 
characteristic for the room will be similar to that indicated in Fig. 175. 

complaints soon not only become adapted to dead rooms but find them very much to 
their liking. The author also has observed that it is only about rooms treated with 
thin, porous materials, that is, with materials which are selectively absorptive for 
high frequencies, that complaints concerning the oppressive feeling are made. 
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Finally, the low periods of reverberation based upon the theory and 
experiments described in this chapter should be obtained by the use of 
absorptive materials located on surfaces near the audience, and the 
surfaces near the speaker should be finished with reflective materials. 
Booms treated in this manner meet the highest requirements for both 
speaker and listener. 

136. Nature of the Errors in the Recognition of Speech in a Large and 
Reverberant Room. In the preceding sections of this chapter the errors 
in the recognition of speech were not classified with respect to the nature 
of the errors; that is, all the errors were simply counted in determining 
the percentage articulation. However, it is of interest to know some¬ 
thing about the nature of the errors as well as the number of errors which 
are made when one listens to the average speaker. 

The errors in the recognition of speech in an auditorium which has a 
time of reverberation of about 5.0 seconds and a volume of 225,000 
cubic feet are classified in Table XXXVII. In this particular audito¬ 
rium the total number of monosyllabic speech sounds which were used 
in the tests numbered 2200. Of this total number of called speech 
sounds, 1213, or 51.5 per cent, were recognized correctly. The total 
number of consonants in these 2200 speech sounds was 4048, of which 
3093, or 76.4 per cent, were recognized correctly. Similarly, of the total 
2200 vowel sounds, 2052, or 93.3 per cent, were recognized correctly. 
The total number of consonant errors was 955. Of these, 529 were 
final consonants, 224 were initial consonants, 117 were omissions of the 
called consonants, and 85 were additions which were not called. The 
preponderance of the errors among final consonants is noteworthy, and 
is probably the result of the masking produced by the reverberation of 
the preceding vowel. 

A complete tabulation of the consonant errors which occurred in the 
tests in this one auditorium is given in the table. The first column gives 
the consonant called; the_second gives the number of times it was called. 
The next 24 columns give the classification of errors — “ Omission ” 
meaning that it was erroneously omitted, and “ Addition ” that it was 
erroneously added. For example, ng was heard as m 21 times, as n 
41 times, was omitted 14 times, but was never added (in error), or heard 
as ch, f, or h. The last two columns give the total number of errors and 
the percentage of errors for each consonant. It will be seen that ng 
was mistaken more frequently than any other sound — 94 times out of 
176, or 53.4 per cent of the total number of times it was called. Sim¬ 
ilarly, d was mistaken 42.7 per cent, and v 39.2 per cent, of the total 
number of times they were called. On the other hand, such consonants 
as r, s, w, and y were rarely mistaken. Thus, y was mistaken only 5.1 
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per cent, and w only 6.2 per cent, of the total number of times they were 
called. 

Table XXXVII 



Public speakers, and instructors in oral expression, could make a sub¬ 
stantial contribution to the problem of hearing in auditoriums if they 
would utilize this information in the training of the speaking voice. 
If speakers are aware of the nature of the errors of speech which occur in 
auditoriums, they will make a conscious effort to place appropriate 
emphasis upon those sounds of speech which give the greatest difficulty, 
and especially upon such consonant endings as ng, d , v , /, and th 9 which 
are responsible for a large portion of the complaints concerning poor 
acoustics in speech halls. 
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137. Hearing of Speech in Auditoriums — Summary. By means of 
the data and curves which have been described in the preceding sections 
it is possible to ascertain how well speech will be heard in any auditorium; 
or to assess, in advance of construction, the acoustical merits of rooms 
which are intended primarily for speaking purposes. Thus, it is pos¬ 
sible to determine quantitatively the effects of size, reverberation, and 
noise in all speech rooms, and to specify the requirements and limitations 
for these rooms in order that they shall attain a specified degree of acous¬ 
tical excellence. For example, suppose it is desired to design a lecture 
hall without a balcony which will seat 600 persons, and which will have 
an average speech articulation of not less than 80 per cent with 200 or 
more persons in the hall — a specification which will provide very satis¬ 
factory conditions for the hearing of speech. From the curves in Fig. 
179, it would seem necessary, or at least desirable, to design a room hav¬ 
ing a volume of not more than 100,000 cubic feet. If 7 square feet be 
allowed for each person, the floor plan should have an area of 4200 
square feet. This would allow a ceiling height of about 24 feet, which 
would provide a room having a volume of 100,800 cubic feet. Referring 
again to Fig. 179, it will be seen that for an auditorium having a volume 
of 100,000 cubic feet, the time of reverberation must not exceed 1.85 
seconds in order to keep the speech articulation in excess of 80 per cent. 
This time should be provided for the smallest possible audience the room 
is to accommodate. It is also necessary to take such measures for the 
insulation and prevention of noise as will reduce the residual noise in 
the hall to about 10 to 15 db. If the lecture hall be designed within the 
limits just specified, the hearing conditions in the room will meet the 
preassigned requirements. 

A consideration of the effects of shape, size, reverberation, and noise 
upon the hearing of speech in auditoriums indicates that ideal or perfect 
acoustics is only a relative condition, and that no matter what may be 
done for the improvement of the hearing conditions in an auditorium 
the speech articulation will not attain a degree of perfection higher than 
that indicated by Eq. (60). Those who expect to hear perfectly the 
unamplified speech of the average speaker in very large auditoriums 
expect the impossible. For example, it would seem that the best con¬ 
dition for the hearing of speech in a room having a volume of 400,000 
cubic feet would be attained when the reverberation time was reduced 
to 1.0 second, and that the articulation would then be about 80 per cent. 9 

9 It should be remembered that the articulation data in this chapter apply to the 
conventional rectangular auditorium which does not possess the advantages of the 
special or auditory shapes advocated in Chap. XVI. If the shape of the auditorium 
be designed so as to utilize the full benefits of reflected sound it may be possible to 
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If better hearing conditions are required, provision should be made for 
the artificial amplification of speech. 

By means of Eq. ( 60 ), and the curves for evaluating k, k„ and k n , it 
is possible to determine whether any proposed design for a speech room 
will be feasible, and if feasible to specify the requirements for the room 
in order that the percentage articulation will attain a prescribed degree 
of excellence. The problem of the acoustical design of speech rooms is 
therefore removed from the realm of uncertainty and placed upon a se¬ 
cure basis of quantitative calculation. Many examples of the usefulness 
of the theory and facts discussed in this chapter, and typical methods 
of calculation in the design of buildings will be given in Part III of this 
book, which deals with practical problems of design. 

secure a speech articulation 3 or 4 per cent greater than is indicated by the curves in 
Fig. 179. 



CHAPTER XVIII 


THE ACOUSTICS OF MUSIC ROOMS — FUNDAMENTAL 
PRINCIPLES AND CONSIDERATIONS 

138. Introductory. In the three preceding chapters it was shown 
that the acoustical properties of speech rooms could be determined 
quantitatively from a consideration of such factors as size, shape, rever¬ 
beration, and noise. Obviously these same factors are largely deter¬ 
minative of the acoustical properties of music rooms, but their influence 
is not amenable to precise evaluation. Nearly everyone has certain no¬ 
tions about the acoustics of music rooms, and the most casual inquiries 
will reveal that these notions are not always in accord with each other. 
For example, some people declare their preference for music as heard in 
the open air, whereas others, especially the critics of music, avow a 
definite preference for music as heard in a concert hall. This is to be 
expected in an art which is so extensive and so diversified as music, since 
there are certain parts of musical compositions — sweet, melodious, and 
of a rippling character — that will sound better in the absence of rever¬ 
beration, whereas there are other parts of musical compositions — harsh, 
discordant, or of a sustained character — that will sound better in a 
reverberant room. However, there is a general unanimity of opinion 
with regard to a number of fundamental principles, and these principles 
should guide the design of music rooms in such a manner as will provide 
the optimal conditions for (1) the preservation of the naturalness of 
musical sounds, and (2) the enrichment of the tonal quality and tonal 
blending of musical sounds. 

A properly designed music room is more than a work of science; it is 
as well a work of art. It should provide not only the proper conditions 
for listening to music so that the auditors obtain the best possible musical 
effect, but also the best possible conditions for the generation of music. 
It is necessary therefore that the acoustical conditions of a music room 
be adjusted to satisfy the requirements both of the performers and of the 
listeners — requirements which are not in general identical. Every one 
must have noticed that certain rooms are acclaimed by performers who 
state that it is easy to play or sing in those rooms, whereas auditors 
will complain of the acoustical conditions in the same rooms. It appears 
that the performer desires a more reverberant space than does the 
listener. The performer wishes to feel the reenforcement, the resonance, 
and the support which arc provided by highly reflective surfaces in fairly 
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close proximity to him. The listener, on the other hand, is interested 
primarily in the quality of the sound which reaches him. He wishes all 
the frequency components of music to be properly preserved and blended. 
Both performers and listeners desire a certain amount of reverberation 
in music rooms. Whereas the chief function of reverberation in speech 
halls is the promotion of loudness, it appears that reverberation has a 
more important role in the acoustics of music rooms — it adds fullness, 
roundness, color, and harmony to music, and for this reason reverbera¬ 
tion of the proper type and amount is an indispensable property in all 
music rooms. 

139. Rating of Music Rooms. It was found in Chap. XV that the 
percentage speech articulation afforded a fairly satisfactory manner 
for giving a quantitative rating to speech rooms. It is not so simple a 
matter to give a quantitative rating to music rooms, since so much de¬ 
pends upon the musical taste and disposition of the listeners. The 
rating of music rooms is not a purely physical problem which can be 
solved by the physicist alone. Its complete solution will require the 
cooperation of physicists and musicians, and it may be necessary to seek 
the help of psychologists and estheticians. 

But the solution of the problem, however complicated, is not without 
hope. It is true that the acoustical design of music rooms will have to 
depend upon the dictates of musical taste — a criterion which may not 
admit of accurate definition, or even be the same for different individuals. 
But such experiments as have been performed indicate that the musical 
tastes of different listeners are in fairly good agreement, at least in their 
choice of the optimal time of reverberation for a specific type of music. 
For example, in the tests of W. C. Sabine in the New England Conserva¬ 
tory of Music, a committee of six competent music instructors were in 
remarkably good agreement in determining the optimal time of reverber¬ 
ation for piano music in small music rooms. The tests in five different 
rooms, which varied in volume from 2600 cubic feet (74 cubic meters) to 
7400 cubic feet (210 cubic meters), indicated that in order to secure the 
best effect for piano music the reverberation time at 512 cycles should 
be approximately 1.08 seconds. The shortest approved time of rever¬ 
beration was 0.95 second, and the longest approved time was 1.16 sec¬ 
onds. The maximal departure from the mean was therefore 0.13 second, 
and the average departure from the mean was only 0.05 second. Later 
investigations by Watson, 1 Lifschitz, 2 P. E. Sabine, 3 and others have 

1 F. R. Watson, “ Acoustics of Buildings,” second edition, 34 (John Wiley & Sons 
1930). 

2 Samuel Lifschitz, Phys. Rev., 27, 618 (1926). 

* P. E. Sabine, Trans, of S. M. P. E., 12, 35 (1928). 



REQUISITES FOR IDEAL ACOUSTICS IN MUSIC ROOMS 401 


confirmed this finding of W. C. Sabine, and have found that as the vol¬ 
ume of the room increases the optimal time of reverberation increases, 
reaching a value of slightly more than 2.0 seconds for very large rooms. 

140. Requisites for Ideal Acoustics in Music Rooms. Since the 
acoustical requirements for the performer in a music room are not 
necessarily the same as those for the listener, the requisites for the pro¬ 
duction of music and for the listening to music will be considered sep¬ 
arately, although it is obvious that many of these requisites are common 
to both the generation and the reception of music. The ideal conditions 
for the artistic production of music may be classified as follows: 

1. The performers should not be distracted by noise, whether of 
inside or outside origin. 

2. The spaces for the orchestra, soloists, chorus, organ (if there be 
one), and audience should be arranged and articulated acoustically. 

3. Provision should be made for the reenforcement of sound by 
reflection and resonance from suitably designed boundaries in the 
proximity of the stage or platform, thus giving support to the genera¬ 
tion of music, and making it easy to sing or play. This will also allow 
each musician to hear his own music blended with the composite music 
from the ensemble. 

4. Proper reverberation and resonance should be provided, so that 
each note will persist long enough to enable the artist to determine 
precisely the true pitch of the following tone; and so that all the fre¬ 
quency components of music will be sufficiently emphasized and pro¬ 
longed to give a true and natural balance between bass and treble 
without undue effort on the part of the artist. 

5. There should be no conjugate foci in the orchestra or stage space, 
and no echoes or interfering reflections from the rear wall, v eilin g or 
elsewhere. 

6. The acoustical properties of the room should be independent of 
the size of the audience; that is, the acoustical quality of the room 
should be approximately the same for rehearsing as it is with partial 
or capacity audiences. 

The ideal conditions for listening to music may be classified as follows: 

1. The audience should not be disturbed by noise. 

2. Provision should be made for proper loudness. This involves 
the size of the room and the amount of absorptive material used in it. 

3. Provision should be made for the reenforcement of sound by 
reflection from suitably designed boundaries in the proximity of the 
audience, thus giving a nearly uniform distribution of sound in all 
parts of the room. 
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4. Proper reverberation and resonance should be provided, so that 
all the frequency components of music will be sufficiently emphasized 
and prolonged to satisfy the highest standards of competent listeners. 
Reverberation must be prominent enough to sustain harmony and 
enrich tonal articulation, but not so prominent as to impair the in¬ 
dividual character and beauty of each tone or chord in rapidly moving 
music. 

5. There should be no echoes, interfering reflections, or sound foci 
in any part of the auditorium. 

6. The acoustical properties of the room should be independent of 
the size of the audience in the room. 

A number of these conditions are so obviously essential that it is 
almost banal to mention them, and yet experience too frequently demon¬ 
strates that even the most obviously essential conditions have been 
completely ignored or violated in the design of music rooms. 

For the sake of clarity in analysis, the conditions for the generating of 
music and for the listening to music have been mentioned separately. 
Now, for the sake of unity and economy, many of these conditions will 
be considered from the standpoint of both generating and listening. 

141. Freedom from Noise. It often happens that the problem of 
noise insulation in music rooms is overlooked, or is approached in a 
purely empirical manner. In the ideal music room, noise either of out¬ 
side or inside origin should be reduced to a level of not more than 10 to 
15 db, which is about as quiet as it is possible to maintain a room with 
an audience, owing to such unavoidable noises as breathing, rustling of 
clothing, and moving in seats. Measurements in many existing concert 
halls and other music rooms reveal that noise from outside traffic, from 
the ventilating equipment, from the organ blowers, or from other ap¬ 
paratus in the building often reaches a level of 30 db or more. Such 
noises are disturbing to both performers and listeners, and mask many 
of the more delicate tonal components which impart the finest quality 
to music. It is possible and feasible to make measurements of the noise 
level in the neighborhood of the proposed site for any music room, and 
then design the boundaries of the room so as to reduce these noises to 
the required level. 4 All equipment in the building, and especially the 
ventilating machinery, the organ blowers, and the elevators, should be 
installed in such a manner as to reduce the noise they produce to a level 
of 10 db or less. These problems of noise reduction can be placed upon 
an engineering basis, and by suitable caution in designing the building 

4 For a method of calculating the amount of insulation supplied by various types 
of structure, involving doors and windows, see Sec. 100. 
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and selecting the equipment it is possible to provide rooms which will 
be free from noise — a condition of prime importance in all music rooms. 

142. Arrangement of Spaces for Orchestra, Soloists, Chorus, Organ, 
and Audience. The arrangement of the several spaces in a music room 
allotted to orchestra, soloists, chorus, organ, and audience is largely an 
individual problem which must be worked out for each room, or at least 
for each type of room. As specific arrangements for different types of 
music rooms will be recommended in Chap. XXIV, only a few general 
principles will be mentioned in this section. The several spaces in any 
one room should be properly articulated, and should be adapted to func¬ 
tion acoustically in the best possible manner. For example, the orches¬ 
tra, stage, and audience, in the usual theatre type of auditorium, should 
be so arranged that the orchestra will be heard on the stage with suffi¬ 
cient loudness and will not be heard by the audience so loudly as to mask 
the singing on the stage. This defect is often encountered in the con¬ 
ventional opera and musical comedy houses: the singers on the stage 
will complain that they cannot hear the orchestra, and at the same time 
the audience will complain that they hear nothing but the orchestra. 
The deep orchestra pits, partly extending under the stage, as found in 
Wagner's opera house at Bayreuth, in the National Theatre at Oslo, 
Norway, in the Royal Opera House at Vienna, and in the Royal Hun¬ 
garian Opera House at Budapest, are certainly desirable at least from 
the standpoint of the audience — the singing from the stages of these 
opera houses is not masked by the orchestra, as is so commonly the case 
in opera houses with shallow orchestra pits. Further, when the brass 
instruments are located in the rear and bottom of the pit (as in the 
Wagner opera houses) there are no complaints about the “ brass being 
too loud.” The use of a glass screen of adjustable height between the 
orchestra pit and the audience will help to give a proper division of 
orchestral sound between the stage and the audience. Additional 
sound can be obtained on the stage, if needed, by providing an adjustable 
grille or opening between the stage and the orchestra pit. 

The audience should not be located too near the orchestra or stage; 
otherwise some seats are likely to receive an undue amount of energy 
from near-by instruments in comparison w y ith the energy which they 
receive from more remote ones. An auditorium with diverging walls, 
with the orchestra and stage located at the narrow end of the room, 
and with a separation of at least 20 feet between the first row of seats 
and the orchestra, will help to overcome this defect. If for economical 
reasons the audience must be seated nearer to the orchestra than about 
20 feet, as in the theatre type of music room, the deep orchestra pit with 
a fairly high partition between orchestra and audience will effectively 
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accomplish the desired separation. In rooms for oratorio the orchestra 
and the chorus should occupy a compact and carefully articulated space. 
Each person in the orchestra or chorus should be located within about 
65 feet from every other member, otherwise there will be a noticeable 
lack of synchronism. 

The best location for the organ is behind the chorus and the orchestra, 
and the organ should face the audience, so that it speaks directly into 
the main part of the room. This is usually possible in concert halls, 
but difficulties are often encountered in church and theatre buildings. 
In many churches, however, the organ may be located behind and just 
slightly above the altar. If concealed with a suitable grille, it will not 
interfere with the beauty and the favored location of the altar. In the 
theatre, the division of the organ on the two sides of the proscenium 
opening is probably the best location, although such a location is not 
based upon the sole interests of the organ but becomes a necessity in 
order to leave the stage opening free for other purposes. For this reason, 
as well as certain other reasons which will be discussed later, organ music 
does not sound so good in a theatre as it does in a properly designed 
church or in,a concert hall. 

143. Proper Loudness — Size and Absorption of Room. Experience 
with different kinds of music in small rooms indicates that the preferred 
or most favorable loudness level of music is at an average of about 
68 db. In order to maintain this loudness level in a room having a 
volume of 3500 cubic feet (100 cubic meters) and a reverberation time 
of 1.0 second at 512 cycles, the source should have a power of approx¬ 
imately 200 microwatts. This corresponds approximately with the 
power output of two average singers or two average musical instruments, 
although the power output from either singers or instruments may at 
times exceed this value a hundred fold, and at other times they may 
attain only one one-hundredth of this power. If a sound level of 68 db 
provide an acceptable average loudness effect, and if each singer or in¬ 
strument generate on the average an acoustical power of 100 microwatts, 
it would be a simple matter to determine the acceptable size of a room 
which is to accommodate, as a rule, a specified number of singers or 
instruments. Thus, if 68 db be considered the optimal sound level, and 
1.0 second the optimal reverberation time, a room having a volume of 
1,060,000 cubic feet (30,000 cubic meters) would require about 500 instru¬ 
ments or singers; or an orchestra of 100 would have to be crowded into 
a room of about 200,000 cubic feet (5700 cubic meters). But experience 
seems to favor a time of reverberation in excess of 1.0 second in very 
large rooms — partly because we are accustomed to reverberant rooms 
and partly because the longer reverberation time seems to compensate for 
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the diminished loudness. For practical reasons it is not feasible to have 
an orchestra as large as 500, nor is it customary to have large rooms with 
a reverberation time as short as 1.0 second. Some sort of compromise 
must be made, and the one recommended by F. R. Watson, 5 namely, 
that the energy of the source of sound should vary as the two-thirds power 
of the volume of the room, that is approximately as the floor area of the 
room, seems to offer a satisfactory guide in determining the most favor¬ 
able size of room for a certain number of instruments. On this basis, a 
room having a volume of about 1,000,000 cubic feet would require a 
source of sound having a power of about 9400 microwatts, or an orchestra 
of about 94 pieces. The question of the optimal size of a music room, 
however, should be subjected to further experimentation before a final 
answer is given. But there is no urgent necessity for modifying the 
present practice, which conforms pretty closely to the conditions pro¬ 
posed above. It should be remembered that a two or three fold varia¬ 
tion in the size of a room involves an intensity change of only 3 to 5 db 
in about 65 db. Further, the difference between a single instrument, as 
may be used in solo work, and 100 instruments, as in a symphony or¬ 
chestra, is a difference of not more than 20 db, and usually is much less 
than this because a soloist always attempts to generate an adequate 
amount of energy for the room in which he is performing, and on the 
average his power output is in excess of 100 microwatts. Thus, an 
average power output of 500 to 1000 microwatts is a more probable value 
for a soloist or a single instrument in a very large hall. For these reasons, 
it is apparent that there is considerable latitude in choosing the most 
favorable size of music rooms. Experience has shown that if a small 
studio have a volume of about 3500 to 18,000 cubic feet, if a recital 
hall have a volume of about 18,000 to 100,000 cubic feet, and if a concert 
hall have a volume of about 180,000 to 1,000,000 cubic feet, entirely 
acceptable conditions will prevail from the standpoint of volume or 
loudness of sound, provided of course that the reverberation has been 
properly adjusted. As would be expected, oratorio, with combined or¬ 
chestra and organ, requires a very large room, probably of the order of 
500,000 to 2,000,000 cubic feet. The most sublime effects of oratorio 
can be obtained only in spacious rooms. 6 

6 F. R. Watson, “ Acoustics of Buildings,” 37 (John Wiley & Sons, 1930). 

6 Some observations and quotations of J. B. Upham (Amer. Jour. Science, 65 , 358 
[1853]) are of interest in this connection. He quotes the following significant remark 
of Gardiner: “Who has not observed the peculiar lustre imparted to a musical per¬ 
formance in a spacious church, which heard in other situations would give the ear 
no pleasure?” Dr. Upham (a physician in Boston) possessed some remarkably ad¬ 
vanced and accurate notions concerning the acoustics of music rooms, especially with 
respect to reverberation and resonance. (See Sec. 5.) 
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144. Proper Reverberation Characteristics. Many musicians, espe¬ 
cially those who do not have an absolute sense of true pitch, depend upon 
reverberation to sustain one tone long enough to determine the true 
pitch of the following tone. (This of course applies primarily to instru¬ 
ments of the violin or the trombone type which have no fixed keys or 
frets, but it also applies to the brass and wood-wind instruments where 
the pitch can be slightly altered by the nature of blowing.) Further, 
the reverberation in the generating end of the room should be sufficient 
to give support and balance to the generation of music, to enable each 
performer to hear his own music as well as that from all his associates, 
and to impart to the music that life and brilliance which can come only 
with a proper amount of reverberation. Finally, the reverberation 
should have such a frequency characteristic as will give a natural balance 
between bass and treble notes, without a strained effort on the part of 
the performers. 

The problem of the optimal time of reverberation from the standpoint 
of the listeners has attracted the attention of many investigators. Many 
attempts have been made to determine the optimal time of reverberation 
for rooms of different size, and some attempts 7 have been made to deter¬ 
mine the most favorable relation between reverberation time and 
frequency. 

146. Variation of Reverberation Time with Frequency. The varia¬ 
tion of reverberation time with frequency will be considered first. This 
problem is similar to the one already discussed in Sec. 132 in connection 
with speech rooms. A number of questions arise, similar to those already 
considered in that section. What criteria should be adopted in deter¬ 
mining the most favorable reverberation characteristic for a music room? 
Should the reverberation time be the same for all frequencies? Should 
the reverberation characteristic be what we are accustomed to — a 
composite made up of the absorption characteristics of the audience 
and the boundaries of the room? Should it be based upon the fre¬ 
quency distribution of sound energy in music, so that all components of 
music, on the average, will die away to inaudibility in the same length of 
time? (This was essentially the criterion recommended for speech 
rooms.) Should it be based upon the physiological relation between 
loudness, intensity, and frequency, so that the rate of growth or decay 
of loudness will be the same for all frequency components, as proposed 
by MacNair? Or should the reverberation time increase as the fre¬ 
quency increases, as suggested by Wente? 8 The second, third, and fourth 
criteria mentioned are all quite opposed to the first and the fifth criteria 

7 W. A. MacNair, loc. cit. 

•E. C. Wente, Amer. Arch. (August 20, 1928). 
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— that of a uniform reverberation time for all frequencies, and that of a 
reverberation time which increases with the frequency. There seems to 
be good reason to rule out both these criteria, since they would over¬ 
emphasize many of the higher partials or overtones. Fortunately, the 
other three criteria lead to conclusions which are not widely divergent. 
This has already been shown for speech rooms, and if the frequency 
distribution of sound energy in music is, on the average, comparable with 
the distribution in speech, we should expect the optimal reverberation 
characteristic for music to be comparable with that which has been pro¬ 
posed for speech. It remains then to determine the frequency distribu¬ 
tion of sound energy in average music, from which it is possible to deter- 
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Fig. 182. Curve showing the type of reverberation characteristic* a music room 
should have in order that, on the average, all frequency components will decay to 
inaudibility at the same instant. This curve applies to a room in which the opti¬ 
mal time of reverberation at 512 cycles is 1.3 seconds. 

mine the type of reverberation characteristic which would be required 
by the third criterion, that is, the characteristic which would make all 
frequency components in music, on the average, decay at such rates 
that they would reach inaudibility at the same instant. From the curve 
in Fig. 71, which gives* the approximate distribution of the average 
sound level of typical compositions as played by piano or orchestra, it is 
possible to determine, as was done in Sec. 132, the required reverberation 
characteristic. This characteristic is given in Fig. 182, which applies to 
a music room in which the optimal time of reverberation at 512 cycles is 
1.3 seconds. It will be seen that the reverberation time is nearly con¬ 
stant from 512 to 4096 cycles, that it increases to about 3.0 seconds at 
128 cycles, and that it increases to 2.0 seconds in the octave between 4096 
and 8192 cycles. In general, it will be seen, by comparing this curve 
with the curve for speech rooms in Fig. 175, that the reverberation char¬ 
acteristic for music rooms is flatter than the one for speech rooms. The 
reason for this is that music embraces a wider frequency range than does 
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speech. The reverberation characteristic represented by Fig. 182 is in 
fairly good agreement with the characteristic based upon the criterion of 
MacNair, namely, that the rate of change of loudness for all frequency 
components be the same. It is possible that the reverberation charac¬ 
teristic for music rooms should be even flatter than the curve in Fig. 182 
indicates, since the distribution curve in Fig. 71 is based upon the fre¬ 
quency of occurrence of the different pitch components as well as the 
“ spectral ” distribution in a typical composition. That is, the curve in 
Fig. 71 drops off at low frequencies not only because there is a lower level 
in the low frequencies but also because the low frequencies occur less 
frequently than do the components in the medial range. However, the 
distribution curve in Fig. 71 gives a fair approximation to the actual 
intensity distribution in a typical composition, and consequently the 
curve in Fig. 182 is a satisfactory guide for the control of reverberation 
in music rooms. 

146. Optimal Time of Reverberation. Turning attention to the op¬ 
timal time of reverberation (for a frequency of 512), experience indicates 
that the time of reverberation in a room should increase with the size 
of the room. The chief reason for this, as has been stated earlier, is no 
doubt attributable to the fact that the increase in reverberation tends to 
compensate for the diminished intensity of sound in large rooms. 9 
Lifschitz, in 1926, and MacNair, in 1929, proposed a simple relation 
between the average level of sound in a room (in decibels) and the time 
required for that sound to die away to inaudibility. This relation may 
be written in the form 

tS = constant, (62) 

where S is the initial level of the sound in a room and t is the time 
required for that sound to die away to inaudibility. MacNair expressed 
this relation in the form of a definite integral of the loudness taken 
throughout the time of decay of the sound to inaudibility. According 
to MacNair, this “ implies that one’s brain is a ballistic instrument 
which is concerned with not only the maximum value of loudness but 
also with the effect of loudness integrated throughout a considerable 
interval of time.” This is a plausible notion provided the individual 
values of S and t do not depart far from the values to which we afe accus¬ 
tomed. But certainly a feeble tone dying away slowly cannot be ex- 

9 Schuster and Waetzmann (see note 3, Chap. V) have published some interesting 
comments on optimal reverberation time. In general, they are of the opinion that 
reverberation time should not increase with the size of an auditorium as much as is 
indicated by the curves of Watson and Lifschitz. See also an important paper by 
G. v. B6k6sy which deals with this subject (Ann. d. Physik, 5. Folge, Bd. 8, Nr. 7, 
851-873 [1931]). 
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pected to give the same sensation as, or even a comparable sensation 
with, that of an intense tone dying away quickly, especially in slowly 
moving music, even if the product of S and t be constant for both the 
feeble and the intense tone. However, the results which are obtained 
on the basis of Eq. (62) are in such good agreement with the optimal 
times of reverberation recommended by Watson, Lifschitz, P. E. Sabine, 
and others — all of which are based upon the times of reverberation in 
rooms which are acclaimed by competent critics — that considerable 
confidence has developed in the correctness of some such relation as is 
expressed in Eq. (62). In using this equation, certain assumptions have 
to be made with regard to the value of S y to the reverberation equation, 
and to an accepted time of reverberation for a room of specified size. 
In arriving at the value of S , both Lifschitz and MacNair assumed a 
constant rate of emission from the sound source in rooms of all sizes. 
Both assumed the Sabine reverberation formula. Lifschitz assumed 
that the optimal time of reverberation in a room having a volume of 
9200 cubic feet (260 cubic meters) or less is 1.06 seconds, and MacNair 
assumed an optimal time of reverberation of 2.0 seconds in a room having 
a volume of 1,000,000 cubic feet (28,000 cubic meters). MacNair’s 
choice was based upon the good agreement of the findings of Watson, 
Lifschitz, and P. E. Sabine, in a room having a volume of about 1,000,000 
cubic feet. Perhaps the most questionable assumption made by both 
Lifschitz and MacNair is that the rate of emission of the source is the 
same in all rooms. It is true that this assumption leads to results which 
are in good accord with the generally accepted values of the optimal time 
of reverberation for rooms of different size; but it must be remembered 
that most accepted optimal times have been based upon the Sabine 
reverberation formula (Eq. [23]) and that the recent and more accurate 
reverberation formula (Eq. [26]) will lower these optimal times about ' 
15 to 25 per cent. It seems advisable therefore to base the optimal times 
of reverberation upon Eq. (26), that is, upon the more accurate rever¬ 
beration formula, and upon the assumption that the rate of emission of 
the source is not constant, but increases with the size of the room, for 
example, as the two-thirds power of the volume of the room. It will 
be assumed also that the optimal value of the average power of the source 
in a room having a volume of 3500 cubic feet (100 cubic meters) and a 
time of reverberation of 1.0 second is of the order of 200 microwatts; 
that is, the source is made up of two units each generating 100 microwatts 
of acoustical energy. The average acoustical power of probable sound 
sources in rooms of different size will then be given by the equation 


E = lOOn - kV*, 


(63) 
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where E is the power of the source in microwatts, n is the number of 
musical instruments or singers in the room, V is the volume of the room 
in cubic meters, and k is a constant. The approximate value of k can 
be determined by substituting the values of n = 2 and V = 100 for a 
small room having a volume of 100 cubic meters. This gives k = 9.3, 
and the probable average power of sound sources in music rooms of 
different sizes therefore is given by 

E = 9.3 V** microwatts. (64) 


Therefore, the volume density p, in micro joules per cubic meter, in a 
room of volume V, will be 


0 


4 E = 4 X 9 .3 yn 
ca ca 


(65) 


where c is the velocity of sound in meters per second and a is the total 
absorption in the room in square meters of perfectly absorbing surface. 

At minimal audibility the volume density p 0 is about 2.6 X 10~ 8 
microjoule per cubic meter. Hence 

o VM 

- = 14.2— X 10 8 . (66) 

Po ca 

Therefore the probable sound level of music in a room of volume V is, 
in decibels above the minimal threshold, 

S = 10 log,0^14.2 ^ X 10 s ) • (67) 


Let r be the optimal time of reverberation, that is, the optimal time 
required for a decay of 60 db. Then 



( 68 ) 


Substituting in (62) the values of S and t given by (67) and (68), 

V'K 


^.K x # 


constant. 


(69) 


Introducing the values of r = 1.0 second, V = 100 cubic meters, c = 344 
meters per second, and a = 15.5 square meters, the value of the constant 
becomes 76.2. 

Now introducing in (69) the reverberation formula, namely r = 0.161 
TV —S loge (1 — a), where S is the exposed interior surface of the room 
and a is the average value of the absorption coefficient of the surface S, 
there results 

—mC.a-.) [ 101o ^( 142 S x w )]'- 76 - 2 - <™> 
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When V = 30,000 cubic meters and S = 6400 square meters, a 
becomes 0.47, and the optimal time of reverberation r becomes 1.2 sec¬ 
onds. Hence, if the intensity of a sound source in a music room increases 
in proportion with the two-thirds power of the volume of the room (as 
is approximately the case for orchestra halls), and if the time of rever¬ 
beration in a room should increase with the size of the room in such a 
manner as to satisfy Eq. (62), it would seem that the optimal time of 
reverberation in a large room having a volume of 30,000 cubic meters 
should be about 1.2 seconds. This is not in good agreement with gen¬ 
erally accepted values of the optimal time of reverberation for a large 
music room of this size, namely about 2.0 seconds. However, it has 
already been mentioned that most of the data which Watson, Lifschitz, 
and P. E. Sabine used in arriving at optimal times of reverberation were 
based upon the Sabine reverberation formula, and that if the more 
exact formula had been used the time for a music room having a volume 
of 30,000 cubic meters would be about 1.6 seconds instead of 2.0 seconds. 
Further, since large music rooms are often used with only a single instru¬ 
ment or singer as the sound source — under which condition the assump¬ 
tion of Lifschitz and MacNair regarding the strength of the sound source 
is more nearly applicable — a time of reverberation of about 1.6 seconds 
would be required to satisfy the condition tS = constant. If the arith¬ 
metical mean between 1.2 and 1.60, that is 1.4 seconds, be taken as the 
optimal time for the large music room (1,060,000 cubic feet), such a com¬ 
promise would provide a condition which would approximately satisfy 
tS = constant, for either ensembles or soloists. The optimal time of 
reverberation for music rooms, according to this criterion, would vary 
from 1.0 second in small rooms up to about 1.4 seconds in large concert 
halls. In rooms for oratorios, organs, and for special types of music a 
reverberation time as long as 2.0 seconds, or even longer, may be desired. 

It should be remembered in connection with these low periods of rever¬ 
beration that musical tast;e is profoundly influenced by the past. Music 
not only has been heard almost exclusively in reverberant rooms, but 
much of the music of the past has been composed for reverberant or 
moderately reverberant rooms. Every room is a part of the musical 
instruments played in that room, and this fact has been in the mind of 
the composer, consciously or unconsciously, as he composed great mas¬ 
terpieces. Bagenal has given convincing evidence that much of Bach’s 
music was composed for St. Thomaskirche at Leipzig, a church that is 
somewhat more reverberant than our modern acoustically treated 
churches, but much less reverberant than the orthodox cathedrals of 
Europe. The rapid movement of the fugues and toccatas of Bach was 
no doubt encouraged by the acoustics of St. Thomaskirche. It is not 
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improbable therefore that the present trend toward non-reverberant 
rooms will influence contemporary and future composition, and it must 
be admitted that rooms with short periods of reverberation will allow a 
clarity of musical rendition that can never be attained in rooms with 
long periods of reverberation. 

There is another important factor regarding the optimal reverbera¬ 
tion time in music rooms; namely, that instead of only one, probably 
there are many optimal times of reverberation for the same room — a 
particular time and character of reverberation for each type of music. 
The optimal time of reverberation for the slow and sustained harmony 
of oratorio and nearly all church music probably is much longer than the 
optimal time for the quickly moving music of opera or orchestra. Even 
the different compositions of the same composer, or the different parts 
of the same composition, require different amounts and types of rever¬ 
beration. The eventual solution of the reverberation problem in music 
rooms therefore may call for adjustable absorption so that the reverbera¬ 
tion may be controlled to meet the requirements for different types of 
music. 10 Optical effects are often used to influence musical rendition. 
In a similar manner, acoustical effects, such as the control of reverbera¬ 
tion, may be expected to add considerably to the beauty and artistry of 
music. The organ, for example, would enjoy an even greater versatility 
than it now does if the organist could control the reverberation in the 
room to suit the type of music he is playing — a long reverberation period 
for the full sustained chords of the diapasons, and a short period for the 
rapidly moving fugues on the strings and wood winds. 

The chart in Fig. 183 shows the approximate range of optimal rever¬ 
beration times (at 512 cycles) for different types of music rooms and for 
different kinds of music. The chart is based not only on the theoretical 
considerations in this chapter but upon measurements or calculations of 
reverberation in music rooms throughout Europe and the United States. 
Some of these rooms will be considered in Chap. XXIV. It will be 
noted .that the optimal time of reverberation is not represented in this 
chart by a line but by a broad band. Roughly this band indicates the 
different times of reverberation required to give the best effects for dif¬ 
ferent types of music in rooms of different size. The optimal time will 

10 This is already done in many radio broadcast and sound-picture studios. The 
reverberation time in the municipal broadcast studio in Budapest, for example, can 
be varied from about 0.5 second to more than 4.0 seconds. C. Moeller, in a paper 
presented before the XII International Congress of Architects in Budapest, Septem¬ 
ber, 1930, recommended adjustable reverberation for auditoriums, and referred to the 
Assembly Hall of the Workmen's Club at Ozd, Hungary, for which he had designed 
a series of rolling curtains which could be let down from the ceiling to such heights 
as would provide the most satisfactory condition of reverberation. 
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generally depend upon the character of the music which is to be rendered 
in the room. Organ or oratorio music will require a fairly large rever¬ 
berant room; solo or chamber music will sound better in a fairly small 
non-reverberant room; and opera or orchestra music will require con¬ 
siderably shorter times of reverberation than will organ or oratorio music. 
Further, much of the dramatic music of Wagner, for example, probably 
will require a longer time of reverberation than will the lighter and more 
melodious music of Verdi or Mozart. This is roughly indicated on the 
curve. It would seem desirable therefore to be able in some rooms to 
vary the reverberation time to meet the conditions which will be most 



Volume of Room 

Fig. 183. Chart showing optimal times of reverberation for music rooms. 

satisfactory for each type of music which is to be rendered in the room. 
In some rooms it may be feasible to have hangings on the wall which can 
be exposed or concealed as conditions require. In still other rooms it 
may be possible to use suitable shutters in the ceiling with an absorptive 
material behind the shutters. Such a control would furnish a quick 
and convenient means of adjusting the reverberation time throughout 
rather wide limits, and it would offer interesting possibilities for produc¬ 
ing new and artistic effects in music. It seems entirely feasible therefore 
that at least some music rooms of the future will have provisions for 
adjusting the reverberation time to give the best possible effect to the 
rendition of different types of music. For example, it would be a simple 
matter to equip the organ room in a broadcasting studio with facilities 
for controlling the reverberation, and the control board could be located 
at the organ console. 

With the aid of the chart in Fig. 183 it is possible to ascertain the ap¬ 
proximate optimal time of reverberation (at 512 cycles) for a room of 
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specified size and purpose. The reverberation times at other frequencies 
can be determined by means of the curve in Fig. 182. Thus, the time 
of reverberation at 128 cycles should be about 2.3 times as long as the 
optimal time for 512 cycles, and for frequencies above 512 cycles the 
reverberation time should be about the same as it is for 512 cycles. 
More specific recommendations with regard to the optimal reverbera¬ 
tion for different types of music rooms will be found in Chap. XXIV. 

147. Resonance. The resonant properties of a room are affected by 
the size of the room, by alcoves, recesses, or objects in the room, and by 
the forced vibration of the boundaries of the room. Wood flooring, thin 
wood paneling, and certain types of plaster on lath, for example, are 
readily set into forced vibration, either by the direct mechanical coupling 
of such instruments as the cello, bass viol, or piano, which are in contact 
with the floor, or by the aerial waves which impinge upon the boundaries 
of the room. The forced vibration of these resonant surfaces is of course 
influenced by the free or natural modes of vibration of the resonant 
surfaces, so that the re-emitted sound from these surfaces has a fre¬ 
quency distribution which is different from that of the incident sound. 
The amount of this re-emitted sound, especially for tones of low pitch, 
is not inconsiderable. For example, when a low-pitched sonorous tone is 
produced in a room, the vibration of thin wood paneling in the room can 
be felt with the finger tips or measured with seismic devices. No adequate 
measurements of this resonant sound have been made as yet, and it is 
therefore premature to speculate concerning its quantitative effects on 
music, but there seems to be an unquestioned preference among both 
musicians and music lovers for rooms which contain large surfaces of reso¬ 
nant materials, and until more quantitative data on the effects of reso¬ 
nance are obtained it would seem advisable to be guided empirically by 
this preference, and include certain areas of resonant materials, as thin 
wood paneling and plaster oh lath, in the design of new music rooms. 11 

11 The author has in progress a series of experiments on panel and volume resonance 
in rooms. The data obtained to date indicate that the resonant vibrations of thin 
wood panels may exert an appreciable influence upon room acoustics, but that the 
amount of energy re-radiated by plaster on lath or by wood sheathing is so small as 
to have but little influence upon the acoustics of rooms. Such materials, however, 
possess high merit for providing the proper balance of reverberation throughout the 
pitch range. Wood paneling and plaster on lath have relatively high absorption for 
the low frequencies, and relatively low absorption for the high frequencies, and hence 
compensate for porous materials which usually have very low absorption for low fre¬ 
quencies and very high absorption for high frequencies. Highly waxed and polished 
wood surfaces are especially desirable in this respect. The author's experiments on 
volume resonance show that all the natural frequencies predicted by the classical 
theory of the vibration of the air in a room are not only present, but are so promi¬ 
nent as to affect profoundly the quality of sound in small rooms. 
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148. Echoes, Interfering Reflections, and Sound Foci. The phe¬ 
nomena of echoes, interfering reflections, and sound foci have been 
considered in connection with the acoustics of speech rooms, but they 
are responsible for so many serious defects in existing music rooms that 
it seems desirable to mention them again in connection with music rooms. 
Chronologically, at least, they should receive consideration before all 
other problems in design. The rules for avoiding their troublesome 
defects are simple, and the designer of every music room should be thor¬ 
oughly familiar at least with the following general rules: 

1. Avoid shapes and dimensions which will result in large differ¬ 
ences of path between the direct sound rays from the source to the 
listener and the reflected sound rays from the source to the boundaries 
of the room and thence to the listener. A path difference of about 
65 feet is required to produce an echo, but a difference as great as 
55 feet will produce an interference, especially in rapidly moving music. 
If the size of the building requires dimensions which involve path 
differences in excess of 55 feet, the surfaces which give rise to these 
delayed reflections should be well broken, or treated with a highly 
absorptive material or with a perforated grille backed with an absorp¬ 
tive air space, so that the incident sound will be diffusely reflected or 
absorbed, rather than regularly reflected. 

2. Concave surfaces nearly always are likely to converge the re¬ 
flected sound in such a manner as will produce sound foci. Such 
surfaces should be avoided as much as possible, and where used the 
radius of curvature should be either very small or very large in com¬ 
parison with the lineal dimensions of the room. A cylindrical rear 
wall, with centre of curvature near the stage, or a cylindrical or spher¬ 
ical ceiling, with the centre near the floor, are two of the most common 
sources of sound foci in auditoriums, and often the differences of path 
are great enough to introduce either echoes or interfering reflections. 

3. The design of a room should be guided by the basic principles 
mentioned in (1) and (2); if any question arises with regard to shape, 
a study of the propagation of waves should be made in model sections, 
either by means of the ripple tank, by spark photography, or by 
optical methods. 

149. Variation of the Acoustical Properties of a Room with the Size 
of the Audience. The acoustics of every room should be as nearly 
independent of the size of the audience as possible. The most satis¬ 
factory method of providing this condition is to equip the room with 
heavily upholstered chairs. There are now available several types of 
upholstered opera or theatre chairs which have approximately three 
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fourths as much absorption as a person. If a room be equipped with 
such chairs, the reverberation in the room will be nearly the same 
whether empty or occupied by a partial or a capacity audience. If 
cost or other factors prohibit the use of upholstered seats, the floor, 
especially between and under the seats, should be carpeted, and addi¬ 
tional absorption should be used in the room so that the reverberation 
time will not vary between wide limits when the room is used for re¬ 
hearsal purposes or when it is used with either small or large audiences. 
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CHAPTER XIX 
SCHOOL BUILDINGS 


160. Introductory. The fundamental principles of architectural 
acoustics, in their present state of development, have been presented in 
Part II. The application of these principles to problems of design is 
the chief concern of the architect or builder, and therefore, in Part III, 
specific problems of design which are likely to arise in representative 
types of building will be worked out in considerable detail. 

In the present chapter the usual problems which arise in the acoustical 
design of school buildings will be considered. There can be no question 
about the prime importance of good acoustics in school buildings. The 
chief function of the school is instruction, and, in spite of modem de¬ 
velopments in methods of teaching, instruction comes, and likely will 
continue to come, largely by word of mouth and listening. It probably is 
not over-rating the importance of the acoustics of school buildings to 
state that good acoustics is even more important than good illumina¬ 
tion, and most people will agree that it is at least equally as important 
as heating and ventilating. Yet in many instances the illuminating, 
heating, and ventilating of school buildings are planned and executed 
in accordance with the best obtainable scientific and engineering knowl¬ 
edge, as of course they should be, and the matter of acoustics is left 
to luck or guesswork, ignoring some of the most fundamental prin¬ 
ciples which were set forth in Part II. The idea, still shared by some 
architects, builders, and school authorities, that the acoustical out¬ 
come of a school building cannot be determined until the building is 
completed is an untenable one and can no longer be used as an excuse 
for poor acoustics. The'acoustical outcome of a school building, or 
any other building, is a problem in good designing and good engineer¬ 
ing, and if the fundamental principles of architectural acoustics are in¬ 
corporated in the design of the building there need be no uncertainty as 
to the acoustical outcome of that building — the acoustics will be good. 
If these principles are not incorporated, or if they are violated, there 
likewise need be no uncertainty — the acoustics will be bad, bad to the 
degree that the principles have been ignored or violated. 

In p lannin g for the acoustics of a building it is advisable first of all 
to survey the general problems involved. In the design of a school 
building the following problems should be considered: (1) the selection 
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of the site, (2) a survey of noise in the vicinity of the site, (3) the lo¬ 
cation of the buildings and the playgrounds, (4) the general problems of 
sound-insulation, (5) the determination of rooms which will require 
special acoustical designing, and (6) the execution of the acoustical 
designs for these rooms. The general plan of handling these problems 
will be discussed in the following sections in this chapter. Obviously, 
all the building requirements for the school plant must share in deter¬ 
mining the most feasible design, but consideration of acoustics should 
not be postponed until after the other features of design have been de¬ 
termined, as is so often done at present. The problem of acoustics be¬ 
gins, as indicated above, with the selection of the site. 

151. Choice of Site. It is not often that the architect or builder, 
and less often that the acoustical engineer, is consulted in the matter 
of the selection of a school site. There are, however, important acous¬ 
tical considerations with regard to the selection of the site, and the 
architect or acoustical engineer should give his services and advice to 
school boards and others in the selection of sites for school buildings. 
Proximity to the homes of the students and transportation facilities are 
of course the most important considerations in the selection of a site, 
but it often happens that transportation facilities alone will fix the 
location of a site near the intersection of main traffic arteries — often 
at the intersection of trolley lines. Such a location is convenient, but 
it nearly always involves an incommensurate compromise in the problem 
of acoustics. It is advisable to make a compromise between the matter 
of proximity to transportation lines and freedom from excessive noise. 
Such a compromise can be made by locating the site approximately one 
block away from noisy traffic arteries. Many existing sites are wholly 
unadapted for school buildings, simply because the required economy 
in construction cannot provide adequate insulation against the out¬ 
side noise. In many instances, the noise is not only distracting to 
scholarly thinking, but it interferes with audition to the extent that 
the.hearing of speech is rendered difficult or even impossible. It is 
true that adequate insulation can be provided against almost any 
amount of noise which is likely to be encountered in metropolitan 
neighborhoods, but the cost of providing such an amount of insulation 
will often be prohibitive. In such instances, it is more feasible to 
select a site in a quiet environment. 

152. Noise Survey. Every school site, whether in a quiet or noisy 
location, should be given a noise survey preliminary to the designing 
of the school buildings. If the site be a quiet one, no extraordinary 
precautions need be taken for the insulation of outside noise. On the 
other hand, if there be considerable noise in the vicinity of the site, as 



ROOMS WHICH REQUIRE ACOUSTICAL DESIGNING 421 


is likely to be the case in urban communities, the noise survey should be 
made for the purpose of ascertaining the amount of insulation which will 
be required in the buildings in order to exclude the outside noise, or at 
least to reduce it to such a level that it will not constitute a disturbance. 
In most instances the noise survey can be made with sufficient accuracy 
by the tuning-fork method described in Sec. 87. For example, if such a 
noise survey should show that the amount of noise at a certain site is of 
the order of 60 db, and if a noise level of 20 db is the limit of noise that 
can be tolerated in the building, then it is apparent that the building 
should be designed in such a manner as to provide an insulation against 
outside noise of at least 40 db. 

163. General Problems of Sound-Insulation. From the data ob¬ 
tained in the noise survey it is possible to determine the amount of 
insulation which will be required to meet any specified condition of quiet 
within the school building. It often happens that the problem of 
sound-insulation will be greatly facilitated by the proper arrangement 
of the buildings on the school site. For example, the auditorium should 
be located in a particularly quiet part of the site. It should be set back 
at least 100 feet from a quiet side street and at least 300 feet from a busy 
boulevard or trolley line. If the auditorium is a part of another building 
it should be thoroughly insulated from surrounding corridors and 
adjacent rooms. The athletic field and playground, the gymnasium, 
and the music rooms should be far removed from the site of the audi¬ 
torium. The location of the different rooms within each building often 
can be arranged in such a manner as to avoid noise interference between 
different rooms. It would not be advisable, for example, to have the 
music room adjacent to the oral English room, or to have either of 
these rooms near the gymnasium. It is obvious therefore that careful 
planning in regard to the location of the buildings on the site, and the 
location of the rooms within the buildings, will help materially in the 
solution of the sound-insulation problem. After the noise survey has 
been made and the best possible arrangement of buildings and rooms 
has been determined, it is possible, by means of the tables on sound- 
insulation given in Chap. XII and the process of calculation outlined 
in Sec. 106, to determine the general type of wall construction and the 
types of doors and windows required to provide the necessary amount 
of sound-insulation. 

164. Rooms in School Buildings which Require Acoustical Designing. 
There are few if any rooms in a school building which will not be made 
better by proper acoustical designing, and the improvement usually 
will warrant the expense. In general, the following rooms should be 
given the principal consideration: auditorium; class rooms and lecture 
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halls, including especially oral English rooms, foreign language rooms 
and music rooms; gymnasium; cafeteria; typewriting rooms; ad¬ 
ministration rooms; and corridors. Each room, or each type of room, 
should be studied individually, although it may be possible to adopt a 
uniform acoustical material and a nearly uniform type of treatment in 
all the rooms. 

155. Recitation Rooms. There are no severe restrictions about the 
shape and size of recitation rooms, although long narrow rooms or 
excessively large rooms should be avoided. Rooms having dimensions 
of 25 feet in width by 30 feet in length by 12 feet in height will be found 
very satisfactory for classes of not more than 50 pupils. Approxi¬ 
mately the same proportion of width to length is desirable for either 
smaller or larger recitation rooms. The effective insulation between 
adjacent rooms should not be less than 40 to 45 db, and where extreme 
insulation is needed the effective insulation should be as high as 50 db. 
The amount of absorptive material which should be added to these 
rooms in order to provide the optimal condition of reverberation will 
depend upon the size, and therefore the age, of the pupils who are to 
occupy the room. Thus, if the room is to be used by children under 
six years of age, the amount of absorption supplied by the audience will 
be relatively small and it will be necessary to use a correspondingly 
greater amount of absorptive material for the walls and ceiling of the 
room than would be required in a room for adults. 

The manner of working out the acoustical design of a typical recita¬ 
tion room is suggested in the following example which will be worked out 
in detail. Suppose a recitation room 25 feet by 30 feet by 12 feet is to 
accommodate a class of 25 junior high school pupils. The absorption 
per child is 3.5 sabines. There are to be 25 wood desks each having an 
absorption of 0.4 sabine. The floor is to be covered with a material 
like battleship linoleum, having a coefficient of 0.04. (All coefficients 
will be referred to a frequency of 512.) First, choose from the tables on 
sound-insulation the type of wall construction which will provide an 
average T.L. of not less than 40 db, as lath and lime plaster with the 
plaster applied to a thickness of at least \ inch on both sides, or porous 
clay tile plastered on both sides. If forced ventilation is provided for 
the recitation rooms the windows should fit tightly in their frames so 
as to eliminate the transmission of sound from room to room by way of 
the windows. If no ventilation is provided for the rooms, and the 
windows are likely to be open, there is no occasion for providing a 
high degree of insulation through the walls since the limiting factor in 
the transmission from room to room will be by way of the windows. 

The most important single factor in the acoustics of the recitation 
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room is the control of reverberation. Although the optimal time of 
reverberation in a small recitation room is not in excess of 0.75 second, 
there is very little to be gained in using a shorter time of reverberation 
than 1.0 second, and consequently it will be entirely satisfactory to 
adjust the time of reverberation in the room to a period of 1.0 second 
with 25 pupils in the room. The reduction of the reverberation time 
below 1 second might add considerably to the cost of treating the room, 
and the benefit derived would scarcely warrant this added expense, ex¬ 
cept perhaps in important lecture halls. The amount of absorptive 
material required to provide a time of reverberation of 1.0 second can be 
readily determined by means of Eq. (30). The volume of the room is 
9000 cubic feet, and the interior surface is 2820 square feet. Since the 
room is a typical rectangular room the value of k in Eq. (30) is 0.05. 1 

0.05 X 9000 

10 —2820 log, (1 — a)’ 

4'in 

or log, (1 — a) = — 2 g 2 Q = _0159 - 

Or, from Appendix III, a = 0.147, 

which is the average coefficient of absorption the entire boundaries of 
the room should have in order to give a time of reverberation of 1.0 
second. (Strictly, the reverberation formula holds only for rooms in 
which all boundaries have the same absorptivity; but if the absorptive 
material be distributed fairly uniformly over the entire boundaries of the 
room, the formula will give sufficiently accurate results for all practical 
purposes.) The total amount of absorption required in the room is there¬ 
fore the product of this average coefficient times the interior surface of 
the room, that is, 0.147 X 2820, or 415 sabines. Next, determine the 
amount of absorption in the room which is supplied by those objects 
and surfaces which must of necessity be in the room, as the 25 pupils 
and desks and the 750 -square feet of floor area. The absorption sup¬ 
plied by the 25 pupils and 25 desks is 25(3.5 + 0.4) = 97.5 sabines, 
and the absorption supplied by the floor is 750 X 0.04 = 30.0 sabines. 
Therefore the walls and ceiling of the room should supply 415 - (97.5 
+ 30), or 287.5 sabines. The area of the walls is 1320 square feet, but 
as a rule not more than one half of the wall area, or 660 square feet 
(on the upper walls), will be available for acoustical treatment. The 
ceiling area is 750 square feet, all of which is suitable for acoustical treat- 

* The value of k is more precisely 0.049 for conventional rooms of rectangular shape, 
but the approximate value of 0.05 is sufficiently accurate for all practical purposes. 
This approximate value is used by most authorities in this country, and consequently 
it will be used throughout this book for conventional rooms of rectangular shape. 
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ment. Thus a total of 1410 square feet is available for treatment. 
There are several methods of treatment for providing the required 
287.5 sabines of absorption. The lower portion of the walls, including 
doors, windows, and blackboards, will provide a certain amount of 
absorption. This can be calculated by taking the sum of the products 
of areas times coefficients for the different materials which comprise 
the lower portion of the walls, but it usually can be estimated with suffi¬ 
cient accuracy by assigning an average coefficient for the entire surface 
and multiplying by the area. Thus the hard plaster, doors, and windows 
which comprise the lower surface of the walls will have an average 
coefficient of about 0.03. Therefore the absorption supplied by the 
660 square feet of the lower walls will be 660 X 0.03, or 19.8 sabines. 
The entire ceiling and upper walls, aggregating 1410 square feet, may be 
treated with an acoustical plaster having a coefficient of 0.19, which 
will give 268 sabines. This amount of absorption added to the absorp¬ 
tion supplied by the lower walls, the floor, and the 25 pupils and desks 
will closely approximate the total amount of absorption required in 
the room to give a time of reverberation of 1.0 second.' Obviously, the 
same amount of absorption can be obtained by choosing a more ab¬ 
sorptive material for the ceiling (a material having a coefficient of 
about 0.33) and treating the entire walls with hard plaster; or the 
upper 660 square feet of walls can be treated with a material having a 
coefficient of about 0.37, and the remainder of the walls and the entire 
ceiling finished with hard plaster. The total absorption required in 
the room is not a critical amount — a variation of 10 or even 20 per cent 
will not appreciably alter the acoustical quality of the room — and there¬ 
fore some latitude may be exercised in the selection of the absorptive 
treatment for the room. There is a slight preference for the wall rather 
than the ceiling treatment. If the treatment were limited to the ceiling 
the vertical components of sound would be absorbed very quickly, 
whereas the horizontal components would persist too long. With the 
treatment on the walls the reverberant sound will die away more uni¬ 
formly in all directions. 

There are usually many recitation rooms in a building, and not all 
of them may be uniform in size, but it is nearly always possible to select 
some standard form of treatment which will give highly satisfactory 
acoustics in all the rooms. Reverberation times between 0.80 and 
1.20 seconds will be entirely acceptable in all recitation rooms. 

The percentage articulation in the recitation room just nn nnidored, 
assuming reasonably quiet conditions, will be, according to Eq. (60') 
in Sec. 134, 92 hk r . In a small recitation room ki will be about 0.98 
(see Appendix IV), and k, for a reverberation time of 1.0 second will be 
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0.98 (see Fig. 173). Therefore the probable P.A. (percentage articula¬ 
tion) in this room will be about 89 per cent, which represents an excep¬ 
tionally fine condition for the hearing of speech. 

The selection of the particular type of acoustical material for the 
treatment of the recitation rooms must be guided by a number of factors. 
(See Chap. VIII and especially Table XX.) First, the material should 
have a reasonably good absorption characteristic, similar to that shown 
in Fig. 176 for speech rooms; or, at least, it should not be excessively 
absorptive for high frequencies and relatively non-absorptive for low 
frequencies. If the coefficients for frequencies near and above 512 be 
not more than two or three times the coefficient for 128 the material 
will be satisfactory from the acoustical standpoint. Second, the 
questions of cost and maintenance often will limit the choice to three or 
four materials. From these, the ultimate selection will depend upon 
the adaptability of the material to the general architectural require¬ 
ments of the room, and especially to such requirements as structural 
strength, combustibility, texture, and decorative * potentialities. If 
the architect be familiar with the acoustical, structural, and decorative 
properties of absorptive materials he will be able to choose the material 
and type of installation which will best suit the requirements of the 
room. 

If the entire walls and ceiling of the class room to which we have 
referred had been finished with hard plaster, the total absorption in the 
room with an audience of 25 pupils would approximate 190 sabines, 
and the time of reverberation would be about 2.25 seconds. With this 
reverberation time, the P.A. would be 92 X 0.99 X 0.90, or about 82 
per cent. Although this would provide tolerable hearing conditions, it 
would be much less satisfactory than a room with a P.A. of 89 per cent. 
Further, with the occasional small class of, say, only 10 pupils, the re¬ 
verberation time would be 3.2 seconds and the P.A. would be only 74 
per cent, which is not satisfactory for recitation purposes. Further, 
a reverberation time of 3.2 seconds or even 2.25 seconds in a small room 
is very annoying both to speakers and listeners, even though it is possible 
to understand speech in the room. With such excessive times of re¬ 
verberation, the room would sound empty, all extraneous noise would 
be exaggerated, and both speaking and listening would be accompanied 
by an unnecessary nervous strain. The exclusion of noise and the 
reduction of reverberation are indispensable in adapting recitation rooms 
to the function of oral instruction. 

156. Oral English Rooms. The oral English room is a special type 
of class room in which the acoustical properties for the hearing of speech 
should be as nearly perfect as possible. The room should be located in 
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a quiet part of the building, and every reasonable precaution should be 
taken to insulate it against outside or contiguous noise. If the walls 
have a T.L. of 40 to 45 db, and if the windows and doors close tightly in 
their frames, there should be no difficulty from noise except in very 
noisy locations, where special measures for insulation are necessary. 

In Fig. 184 is shown a suggestive design of an oral English room which 
will provide very good acoustical conditions. The room is 38 feet by 

25 feet by 14 feet, and will 
III = seat 75 to 100 persons. The 

platform is elevated 2 feet 
above the floor level, and 
s the rear rows of seats are 

§ appropriately elevated, thus 

5: providing good sound lines 

and good sight lines to all 
auditors in the room. A 
| 2 TT| portable screen, which should 

= 03 _LL . ■ = = .-=1 be made of fairly reflective 

_ PLAN _ material, as wood veneer, can 

~'~ be used on the platform to 

11 | | [ 11 | 1 1 I | give certain stage effects, 

when required, and also to 
1 1 1 1 1111 1 1 1 — give added reenforcement to 

—■ 1 l. Hard piaster the voices of the speakers. 

L " 2a -The floor can be either wood 

LONGITUDINAL SECTION . T . •. 

or concrete, but if concrete it 
i . . should be covered with lino- 

° scale o/ feet leum or some similar material. 

Fig. 184. Acoustical study of an oral English optimal time of rever- 

room. beration for an oral English 

room can be determined from 
the curve for speech in Fig. 181. For the room shown in Fig. 184, the 
volume is 38 feet by 25 feet by 13 feet (13 feet is the average height), 
or 12,400 cubic feet, and the interior surface is 3638 square feet. The 
optimal time, according to Fig. 181, is 0.75 second. However, as 
can be seen from Fig. 171, which shows how the P.A. varies with 
the time of reverberation, but little is to be gained in speech articu¬ 
lation by reducing the reverberation below 1.0 second, and many 
individuals do not like the acoustical effect of a room having a reverbera¬ 
tion time as short as 0.75 second. A speaker feels that a very dead 
room fails to give support to his voice, and some listeners feel that the 
speech is unnecessarily muffled and that it is lacking in resonance and 
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Fig. 184. Acoustical study of an oral English 
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vitality. For purely esthetic purposes the optimal reverberation time 
is about 1.10 seconds. A reverberation time of 1.0 second provides a 
satisfactory compromise in the room we are considering, and if this 
time be planned for an audience of 50 persons (each having an absorp¬ 
tion of 4.0 sabines), the reverberatory properties of the room will be 
highly satisfactory for all purposes. The manner of determining the 
best type of acoustical treatment for this room is as follows: 


The reverberation constant k for this room is very nearly 0.05. 
Therefore 


log* (1 — ot) = 


0.057 

S 


0.05 X 12,400 
3638 


-0.170. 


Hence, from Appendix III, a = 0.156. Hence, the total absorption 
required in the room is 0.156 X 3638 = 568 sabines. 


Sabines 

Absorption of O.P. wood floor (including platform and 

risers) . ... . = 1050 X 0.06 = 63.0 

Absorption of hard plaster wainscot, three windows and two 

doors. . = 500 X 0.03 = 15.0 

Absorption of 50 persons (4.0 units each) and 50 wood seats 

(.2 each) . .= 50 X 4.2 = 210.0 

Therefore the total absorption supplied by floor, wainscot, 

windows, doors and audience. . = 288.0 

And therefore the upper walls (1136 square feet) and ceiling 

(950 square feet) should supply. 568 — 288 = 280.0 


This required amount of absorptive material can be supplied by treat¬ 
ing the walls, above the wainscot, with an acoustical plaster having 
a coefficient of 0.23 at 512 cycles and finishing the ceiling with hard 
plaster; or by treating the ceiling with a material having a coefficient 
of 0.28 at 512 cycles and finishing the entire walls with hard plaster. 
The choice of the absorptive material should be guided by the considera¬ 
tions mentioned in the preceding section on recitation rooms. (See 
also Sec. 83 and Table XX.) The wall treatment is preferable to the 
ceiling treatment since it will facilitate a more uniform growth and decay 
of sound in the room. 

The probable P.A. in this oral English room, assuming a reasonably 
quiet condition and an audience of 50 persons, will be 92 fc/Av- From 
Appendix IV, h = 0.97, and from Fig. 173, Av = 0.98. Therefore P.A. 
= 92 X 0.97 X 0.98 = 88 per cent. With no audience in the room, 
the reverberation time will be about 1.56 seconds, and the probable 
P.A. will be 92 X 0.98 X 0.95 = 86 per cent. Consequently, the 
room will be nearly as satisfactory for rehearsals or for small classes 
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as it will be for a class of 50. With an audience of 75 persons, the 
reverberation time will be 0.84 second, and the probable P.A. will be 
89 per cent. 

If this same oral English room were finished with hard-plaster walls 
and ceiling, the reverberation time with no class in the room would be 
3.9 seconds, and the P.A. would be only 69 per cent. The room would 
be very unsatisfactory for rehearsal purposes, or even with small classes. 
With a class of 50 pupils in the room the reverberation time would be 
1.6 seconds and the P.A. would be 85 per cent. Although this would 
provide an acceptable condition for many purposes, it would be far 
from ideal. Speech would be readily recognized under such a condition 
of reverberation, but the separate sounds of speech would overlap and 
confuse; and the room would be regarded as a difficult room for either 
speaking or listening. On the other hand, when the reverberation time 
has been reduced to about 1.0 second, and when adequate insulation 
has been provided against outside noise, the room will be regarded as 
an easy room in which to speak, and listeners will hear clearly the most 
delicate modulations of the voice. 

167. Music Rooms. The general specifications for the shape and size 
of a music room will follow rather closely the specifications already given 
for an oral English room (see Fig. 184). It is perhaps not so important 
to elevate the rear seats in a music room as it is in an oral English room, 
but it is desirable if it does not interfere with the other uses of the room. 
The elevation of the rear seats not only assures a better flow of sound 
energy to those seats, but it helps to prevent the multiple reflection of 
sound waves between the ceiling and the floor. 2 

The optimal reverberation time for music rooms is slightly longer 
than the optimal time for speech rooms. For a room 38 feet by 25 feet 
by 13 feet, similar to the one shown in Fig. 184, the optimal time of 
reverberation is about 1.10 seconds, which should be attained with the 
most probable number of pupils in the room. If the room is to be used 
at times for rehearsal purposes, that is, with only a few persons in the 
room, it may be desirable to install a velour or monks-cloth hanging 
which can be drawn across the room, about half way between the plat¬ 
form and the rear of the room. The acoustics of the room as used for 
rehearsals will then resemble the acoustics with an audience in the room. 

The distribution of the absorptive material in a music room* requires 
considerate care. The walls and ceiling near the platform should be 
finished with hard, reflective materials, whereas the side and rear walls 
of the seated area should be fairly absorptive. This distribution of 

* In a study of room acoustics by W. Linck (Ann. d. Phys., 4 , 1017, [1930]) it is 
shown that a sloping floor is much better than a level one. 
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absorptive material in a music room is found to satisfy the requirements 
of the performers, who wish a fairly reverberant space, and the listeners, 
who wish only a moderate amount of reverberation. The use of an ap¬ 
propriate acoustical plaster for the rear and side walls, or an acoustical 
tile or fibre board in the ceiling, usually will provide the optimal condition 
of reverberation in the room. The exact amount and location of the 
absorptive material can be determined by going through the routine 
calculations similar to those given for the oral English room. 

The use of velour or other absorptive hangings on the platform should 
be avoided, as such absorptive material will impair the reverberant and 
resonant properties of the generating end of the room. If a portable 
reflecting screen be used on the platform, similar to the one shown in 
Fig. 184, it should be made of wood veneer, heavily painted canvas, 
or other reflective and resonant material. 

Large areas of resonant material, as wood paneling and wood floor¬ 
ing, are found to be beneficial in music rooms. It is therefore desirable 
to use wood floors and a wood wainscot, especially in the vicinity of 
the platform. These resonant materials give life and sustenance to 
music without producing the harmful effects of reverberation. They 
also provide relatively high absorption for the low-frequency com¬ 
ponents of music. 

The insulation of sound deserves special attention in the design of 
music rooms. It is not only necessary to exclude extraneous noise from 
the music room, but it is equally necessary to confine the music within 
its own room so that other near-by rooms will not be disturbed. This 
can be accomplished satisfactorily by designing the wall, floor, and 
ceiling boundaries for the room in such a manner that they will have a 
T.L. of not less than 45 db, and by installing doors and windows which 
will have a T.L. of not less than about 30 db. This implies that the 
windows of the room should be kept closed, and therefore that artificial 
ventilation should be provided for the room. Where it is impracticable 
to provide artificial ventilation, the room should be located in a separate 
wing and the windows should open upon a part of the campus which is 
well removed from assembly or class rooms. 

168. Lecture Halls. The requirements which were specified for 
recitation and oral English rooms are of the greatest importance in the 
design of lecture halls. The hearing of speech is the chief function of 
a lecture hall, and therefore every means should be utilized to give to 
the room the best possible acoustical properties for the hearing of the 
speech. The volume of the room should be kept as small as feasible, 
the auditors should be seated near the lecture table, the seats should 
be elevated appropriately, and the walls and ceiling should be designed 
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so as to give beneficial reflections of sound toward the auditors. If the 
room is to seat more than about 500 persons, it will be desirable to in¬ 
troduce a balcony so that the auditors will be brought nearer the speaker. 

There are many possible designs which will prove satisfactory, but the 
plan and longitudinal section shown in Fig. 185 exhibit the more salient 

features which should be incorporated 
in the design of lecture halls. This 
room has a length of 60 feet, a width 
of 50 feet, and an average height of 
18 feet. The ratio of length to width 
may deviate somewhat from the de¬ 
sign shown in the figure. Thus, the 
room may be wider than the one in¬ 
dicated, but there should not be any 
appreciable extension of length. 
Long, narrow rooms are not so sat¬ 
isfactory as short, wide rooms. In 
the lecture hall shown in Fig. 185, 
the seats are elevated not only suffi¬ 
ciently to give good audition lines to 
all seats but also to give an unob¬ 
structed view of the top of the lecture 
table from all seats in the room — a 
feature which is of considerable value 
if the room is to be used for demon¬ 
strated lectures. The slope of the seated area was determined by sight 
line requirements and is steeper than would be required for satisfactory 
hearing. The slope could be reduced to about one half of that shown 
in Fig. 185 and still be satisfactory for hearing. 

After the size and shape of the lecture hall have been determined, 
consideration should be given to the insulation of noise. The amount 
of insulation required for the walls, floor, and ceiling will depend upon 
the location of the lecture hall, that is, upon the amount of noise in the 
immediate vicinity of the room, both within the building and outside. 
If the site for the lecture hall be a noisy one, a survey should be made 
to determine the magnitude of the noise which must be insulated from 
the room. Suppose that such a survey has revealed a probable noise 
level of about 60 db in the vicinity of the proposed room — which corre¬ 
sponds to a moderately noisy location. If an amount of insulation be 
planned for the room which will reduce this noise to 15 db inside of the 
room, an entirely satisfactory condition will be obtained. Thus, the 
residue of 15 db will be no louder than the unavoidable noises which will 



Fig. 185. Lecture hall designed for 
good seeing and hearing. 
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always be in the room when an audience is present. The room there¬ 
fore should be designed to provide a noise reduction of 60 — 15 or 45 db. 
The type of wall and ceiling construction required to give this amount 
of insulation can be calculated in the following manner. From Eq. (58) 
the noise-reduction factor in decibels is given by 

Noise-reduction factor = 10 logi 0 ^> (58) 

where T is the total transmission through the boundaries of the room 
and a is the total amount of absorption in the room. The volume of 
the room is 50 feet X 60 feet X 18 feet = 54,000 cubic feet, the interior 
surface 10,800 square feet, and the optimal time of reverberation about 
1.0 second. The total absorption in the room is therefore given by the 
reverberation equation, t = 0.05 V/—S log,. (1 — a). Hence, log* 
(1 - a) = -0.25, or a = 0.221, and a = aS = 0.221 X 10,800 = 
2387 units. Substituting in (58), 45 = 10 logio 2387/T, or 4.5 = logio 
2387 — logio T. Whence, T = 0.0755. In order to reduce T to this 
value, it probably is necessary to dispense with windows, or to use two 
sets of windows in each opening, separated by an air space of at least 
6 inches. Suppose that there are no windows, and that there are two 
sets of doors, each 5 feet by 7 feet, and that the coefficient of transmis¬ 
sion for the doors is 0.0005 (which requires at least lf-inch solid wood 
doors with rubber strips around the edges, so that all threshold cracks 
are closed). The transmission through the doors will then be 0.0005 X 
70 = 0.0350 unit. The transmission through the walls and ceiling 
(assuming that transmission through the floor will be negligible) must 
not exceed 0.0755 — 0.0350 or 0.0405 unit. Since the area of the walls 
and ceiling (less the area of the doors) is 6890 square feet, 6890 X r 
must not exceed 0.0405, where r is the coefficient of transmission of the 
walls and ceiling. That is, r must not exceed 0.0000059, or the T.L. for 
the walls and ceiling must be as high as 52.3 db. Hence the walls and 
ceiling should have an insulation equivalent to that of a 10-inch brick 
wall. (See, for example, Tables XXX and XXXI.) 

The absence of windows implies that artificial ventilation will be 
provided for the room. It is necessary therefore to install an adequate 
amount of attenuation in the ventilating ducts to reduce to not more 
than 15 db the level of the noise transmitted through the ducts. The 
heating and ventilating contractor should be required to guarantee that 
the fan and motor noise reaching the room from the duct openings, or 
from other sources, will not exceed the specified level of 15 db. 

The reverberation time in the lecture hall shown in Fig. 185 should not 
exceed 1.0 second with the average-sized audience the room is designed 
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accommodate. The optimal time is as short as 0.80 second, but there 
10 not much to be gained by reducing the reverberation time below 
1.0 second, since the further reduction results also in a reduction in the 
intensity of speech, and the benefit which might be anticipated from the 
reduced reverberation is nearly nullified by the resulting reduction in the 
intensity of the speech. However, the reverberation time should not be 
permitted to be much in excess of 1.0 second, as the percentage articu¬ 
lation drops off quite rapidly for times of reverberation above that point. 
If the room have a seating capacity of 300, it would be advisable to 
provide the optimal time of reverberation for two thirds of capacity 
audience, that is, 200 persons. The choice of absorptive material, the 
amount required, and its location in the room should be guided by the 
principles and calculations which were set forth in the sections on recita¬ 
tion rooms and oral English rooms. (See Secs. 155 and 156.) As a 
general rule, it is preferable to apply the absorptive material to the side 
and (especially) rear walls rather than to the ceiling. This will mini¬ 
mize multiple reflections between parallel walls, and will provide a more 
uniform rate of decay of sound in all directions in the room. In addi¬ 
tion, it will leave the wall behind the speaker, and the ceiling, in hard 
reflective materials, and thus increase the amount of once-reflected 
sound reaching the auditors. If approximately 2200 square feet of the 
side and rear walls be treated with an acoustical material having coeffi¬ 
cients of sound-absorption of 0.25 to 0.30 at 128 cycles and 0.58 to 0.63 
at 512 cycles, the optimal time of reverberation of 1.0 second will be 
very closely approximated with a class of 200 students in the room. 
This will provide a P.A. of not less than 85 per cent. Even with an 
occasional small attendance of only 50 to 100 the reverberation time will 
be shorter than 1.5 seconds, and the P.A. will be in excess of 82 per cent, 
so that the lecture hall will have good acoustical quality under all possible 
conditions of use. 

_^xl69. Auditorium. Because of the diversity of uses of the school 
auditorium, it should possess as nearly as possible the acoustical proper¬ 
ties which are required in lecture halls, in music rooms, and in theatres. 
Since the acoustical requirements for speech and music rooms are not 
the same, it is advisable to make a compromise so that the auditorium 
will best serve its diverse uses. Fortunately, the requirements for speech 
and music are not so divergent as to place any real obstacle in the way 
of making this compromise, so that, if the acoustical properties are 
adjusted to the mean requirements for speech and music, the auditorium 
will be satisfactory for both speech and music. 

The general specifications for the shape and size of the auditorium 
were described in Chap. XVI. The principal features of shape which 
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should guide the acoustical design of a school auditorium are illustrated 
in Fig. 186. The floor plan, the elevation of the seats, the proscenium 
splays, the ceiling design, the high opening under the balcony, the re¬ 
movable apron over the orchestra pit, and the portable wood veneer 
set all contribute to good acoustics. There are of course many ad¬ 
missible deviations from this shape, but in all cases the shape should 
be designed so as to favor an approximately uniform flow of sound 
energy to all seats, and the once-reflected sound should arrive at the 



Fig. 186. Acoustical suidy of a school auditorium. 

listeners not later than about one twentieth of a second (or 55 feet) 
behind the direct sound. The advantages of such a shape as that shown 
in Fig. 186 are manifest from a consideration of the paths of reflected 
sound, shown by the broken lines. For example, the overhead splay 
of the proscenium is designed to reflect sound to auditors located be¬ 
tween a and 6, that is, to auditors who are most in need of reflected 
sound. 

The size of the auditorium should be kept as small as possible. Large 
auditoriums — larger than about 200,000 cubic feet — are nearly always 
unsatisfactory for the school auditorium. Thus, speakers with weak 
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voices — and many pupils are in this class — are rarely heard satisfac¬ 
torily in auditoriums larger than about 100,000 cubic feet. Auditoriums 
for elementary schools (where the children are not older than 11 or 12 
years) should not be larger than about 50,000 to 75,000 cubic feet. 
In the junior high school the size should not exceed about 100,000 cubic 
feet; in the senior high school it may be as large as about 150,000 cubic 
feet; and in colleges and universities 200,000 cubic feet should be re¬ 
garded as the upper limit of size. (These volumes include the volume 
of the recess under the balcony but not the volume of the stage recess.) 
It often is possible to hear satisfactorily in larger auditoriums, but as 
a rule the limits of size just specified represent the upper safe limits, and 
a great deal of dissatisfaction and inefficiency will be eliminated by 
avoiding the design of larger auditoriums for school purposes. If for 
any reason it becomes necessary to design larger auditoriums, provision 
should be made for the installation of a suitable public address system. 
This will prove very beneficial for assemblies and other gatherings where 
speaking within close range of the microphone is possible, but it will be 
of little, if any, benefit for theatrical productions where the speakers are 
often far away from the microphone. 

The problem of noise insulation should be worked out in the manner 
outlined in the preceding section. (See also Chap. XIII.) The audi¬ 
torium should be located in a quiet section of the campus, and if it forms 
a part of another building it should be thoroughly insulated from the 
remainder of the building. There should be two sets of tightly fitting 
doors between the auditorium and the corridor or outside. If a high 
degree of insulation be required, as in the case of the lecture hall of the 
preceding section, it will be very helpful to dispense with windows, or to 
design special windows of high insulating value. Any noise from the 
ventilating or other mechanical equipment should be adequately in¬ 
sulated; the floor should be covered with linoleum or some other soft 
covering; and the chairs should be of a rigid, substantial construction, 
and securely fastened to the floor, so that there will be no creaking or 
squeaking. 

The exact calculation of reverberation involves a three-space problem 
— the stage recess, the main part of the auditorium, and the recess 
under the balcony — but if the stage have an enclosed set .and if the 
balcony recess be not too deep the calculation of reverberation reduces 
to a one-space problem. However, in order to make this simplification, 
it is assumed that an adequate amount of absorption will be added 
to each of these three spaces so that there will be a uniform rate of 
growth or decay of sound in all parts of the auditorium. The complete 
set of hangings required for the stage setting ordinarily will supply a 
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sufficient amount of absorption for the stage recess. In fact, a full set 
of stage hangings will make the stage too dead for musical settings, and 
for this reason it is advisable to provide a wood veneer or heavily painted 
canvas set for musical programs, such as is shown by the dotted lines 
in Fig. 186. If the soffit of the balcony, or the side and rear walls under 
the balcony, be treated with an absorptive material having a coefficient 
of 0.25 to 0.30 at 512 cycles, the recess under the balcony ordinarily 
will have a suitable reverberation time. It remains then to provide 
the optimal time of reverberation throughout the entire auditorium, 
including the set-enclosed space on the stage and the recess under the 
balcony. This obviates the uncertain task of assigning coefficients of 
absorption to the stage opening and also to the opening under the 
balcony. 

As mentioned previously, the optimal time of reverberation for a 

school auditorium involves a compromise between the optimal times 

for speech and music. 

The curve shown in Fig. 

187 represents a compro- | 2 ,oo 

mise which is well adapted J 

to average requirements. J 1.50 

Thus, an auditorium hav- 

ing a volume of 100,000 J 1.00 

cubic feet should have a ^ 

time of reverberation of B .50 

1.18 seconds. It is cus- 0 

tomary to provide this 0 

time for two thirds of ca- 25 ’°°° ~ ^ 

Volume—Cu. Ft. 

pacity au lence. uppose p IQ 137 . Optimal reverberation time (512 cycles) 

that we wish to determine f or school auditoriums, 
the amount of absorptive 

material required for an auditorium having the following characteristics: 
volume V = 100,000 cubic feet; interior surface S = 16,700 square feet; 
seating capacitj' = 750 junior high school children (3.6 units each); 
concrete floor covered with linoleum (coefficient = 0.04) = 6000 square 
feet. The total amount of absorption required for the auditorium is 
obtained from the reverberation equation, t = 0.05 V/—S log* (1 — a). 



Hence, 

log, (1 - a) = 


0.05 X 100,000 
16,700 X 1.18 


0.254, or a = 0.224; 


and the total absorption required for the auditorium is 0.224 X 16,700, 
or 3740 sabines. The absorption supplied by the audience and the 
floor is 500 X 3.6 + 6000 X 0.04 = 2040 sabines. Therefore the walls 
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and ceiling of the auditorium, including the stage set and the walls and 
ceiling under the balcony, should supply 3740 — 2040, or 1700 sabines 
of absorption. The installation of a suitable type of acoustical plaster 
on the side and rear walls, including the side and rear walls under the 
balcony, and the installation of a hard plaster wainscot and a hard 
plaster ceiling, will provide the required amount of absorption in a very 
satisfactory manner. The choice of acoustical plaster will be guided 



Fia. 188. Le Conte Junior High School Auditorium, Los Angeles, showing “Trutone 
Acoustical Tile” in ceiling and loud speaker horns for the amplification of speech. 

by the area of the surface available for treatment, by the coefficients 
of available plasters, and by the suitability of the plaster for the archi¬ 
tectural treatment of the auditorium. The proposed treatment for this 
auditorium, assuming wood chairs, will provide the times of reverbera¬ 
tion and the probable P.A.’s given in the following table. 

It will be seen that with an audience of 250 or more, the P.A. will be 
in excess of 80 per cent, which will provide entirely satisfactory hearing 
conditions for speech. The reverberation times also will be entirely 
acceptable for music. With fewer than 250 persons in the auditorium, 
the reverberation will be slightly excessive, although tolerable, for either 
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Size of Audience 

1 Approximate Time, of 
Reverberation 
in Seconds 

Percentage 

Articulation 

(P.A.) 

No audience 

2.50 

77 

250 

1.55 

82 

500 

1.18 

84 

750 

1.00 

84 


speech or music. If better acoustical quality is desired for audiences 
smaller than 250, it can be secured by installing upholstered seats. 



Fio. 189. Gymnasium of Beehive School, Warrensville, Ohio, showing “Acousti- 
Celotex” ceiling and brick walls. (Fulton and Taylor, Architects.) 

Although upholstered seats are not necessary in auditoriums having a 
volume as small as 100,000 cubic feet, they are very beneficial in larger 
auditoriums since they tend to keep the reverberation more nearly con¬ 
stant for either small or capacity audiences. It is good practice to 
recommend them for all large auditoriums, especially when the audi- 
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Fig. 190. Dining room in men's Residence Hall, University of Chicago. The ceil¬ 
ing is in two colors of “U.S.G. Acoustone,” and the walls are in “Sabinite Acous¬ 
tical Plaster.” ( Zantzinger-Barie and Medary , Architects.) 
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torium is to be used for small as well as large audiences. Upholstered 
seats are particularly helpful in auditoriums during either dramatic or 
musical rehearsals, since the acoustical properties of the room are nearly 
the same with and without an audience. 

160. Gymnasium, Cafeteria, and Miscellaneous Rooms. The gym¬ 
nasium and cafeteria do not present any unusual acoustical problems. 
The question of noise-insulation is important only in so far as the noise 
generated in these rooms may constitute an interference to near-by 
rooms. Whenever possible it is advisable to locate the gy mnasium and 
cafeteria at considerable distances from the auditorium, lecture halls, 
and class rooms. If it is necessary to crowd all buildings and rooms 
into a small space, the walls and ceiling of both the gym nas ium and the 
cafeteria should be designed to have a high degree of sound-insulation. 
The suitable reduction of reverberation is the outstanding acoustical 
requirement for both the gymnasium and the cafeteria. If the reverber¬ 
ation time in the empty gymnasium be reduced to not more than 1.75 
seconds, and the reverberation time in the empty cafeteria to not more 
than 1.50 seconds, the acoustical properties of these rooms will be satis¬ 
factory. It is advisable to select a very durable acoustical material for 
the gymnasium, such as fibre board or mineral wool covered with hard¬ 
ware cloth, and apply it only to the ceiling and upper walls. The selec¬ 
tion of the acoustical material for the cafeteria should be guided by such 
factors as sanitation, decoration, maintenance, and cost. The absorp¬ 
tive material should be installed in the ceiling, because in that position it 
will be most effective in reducing reverberation and noise. (See p. 139.) 

Other rooms in school buildings which require acoustical treatment 
include laboratories, typewriter rooms, recreation rooms, and offices. 
A material having a coefficient of sound-absorption of 0.25 to 0.50 
applied to the ceilings will provide satisfactory acoustical conditions in 
these rooms. Finally, the ceilings or the ceilings and upper walls of 
all corridors, lobbies, hallways, and stairways should be treated with an 
acoustical material haying a coefficient of sound-absorption of not less 
than 0.20. This will not only make these concourses more quiet, but 
also will help to reduce noises which otherwise would be transmitted 
through doors into class rooms. 
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161. Introductory. The types of building which will be considered 
in this chapter include municipal auditoriums, parliamentary buildings, 
museums and libraries, office, bank, and industrial buildings, and hos¬ 
pitals. In most of these buildings, with the exception of the municipal 
auditorium, the principal acoustical problem consists of the adequate 
insulation of outside noise and the control and absorption of inside noise. 
There is an increasing public demand for quiet in all public and commer¬ 
cial buildings, and it is now generally recognized by building authorities 
that noise in buildings will be an outstanding factor in contributing to 
obsolescence. 

162. Municipal Auditoriums. From the standpoint of acoustics, 
the municipal auditorium is the most important of all public buildings. 
Since it is used for such a wide variety of functions, many aspects of 
acoustics must be considered in determining the design of the building. 
First of all, it must be satisfactory as a speech hall. But it also is fre¬ 
quently used as a concert hall for all sorts of musical productions. And 
on rather frequent occasions it is used for conventions in which speech 
may originate not only on the stage, but in any part of the hall. The 
general principles of design are similar to those which already have been 
described for speech and music rooms. However, the municipal audi¬ 
torium is usually very large, and therefore problems of echoes, delayed 
reflections, and adequate loudness in all parts of the auditorium are 
much more important than they are in the smaller auditoriums. The 
selection of the site, the insulation against noise, the design of the shape, 
and the control of reverberation should be worked out along the linpq 
already suggested for school auditoriums. If the municipal auditorium 
is to be a very large one, or if it departs from conventional shapes which 
experience has found to be satisfactory, it is advisable to construct mod¬ 
els of the proposed design, and to make studies of the reflection and.the 
distribution of sound to all parts of the auditorium. At the same time, 
measurements in a model similar to those described in Chap. V will 
enable the architect or engineer to determine the mean free path for 
the auditorium, and thus determine the proper value of k which should 
be used in the reverberation formula. 

The optimal time of reverberation in a municipal auditorium is based 
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upon a compromise between the requirements for speech and music; 
the times given by the curve in Fig. 187 will provide a satisfactory guide. 
The variation of reverberation time with pitch should conform approxi¬ 
mately to the curve shown in Fig. 175, or to the curve shown in Fig. 182. 
This will provide a balanced reverberation for all the frequency com¬ 
ponents of speech and music. In order to attain this type of variation 
of reverberation time the absorptive characteristic of the boundary 



Fig. 191. Convention Hall, Atlantic City, New Jersey. The largest auditorium 
in the world. Entire ceiling covered with “ Acousti-Celotex.” Although 675 feet 
long and 135 feet high, it is possible, with the aid of the public address system, to 
hear speech satisfactorily in all parts of the auditorium. 

materials should conform approximately to the curve shown in Fig. 
176. For frequencies between 256 and 2048 a deviation of ±5 per cent 
will not be objectionable, and for lower or higher frequencies a devia¬ 
tion of ±10 per cent can be tolerated. 

The municipal auditorium usually consists of a number of connected 
spaces, as the stage recess, the main part of the auditorium, and the 
space under the balcony. A sufficient amount of absorptive material 
should be used in each of these spaces to provide approximately uni¬ 
form rates of decay of sound in all parts of the auditorium. Since it 














442 


PUBLIC AND COMMERCIAL BUILDINGS 


is often necessary to provide a level floor in a municipal auditorium, the 
stage should be elevated somewhat more than in the conventional design 
of auditoriums. This will provide better hearing and better seeing, 
especially for the rear seats. The stage should be equipped with an 
enclosed set similar to the one indicated for the school auditorium 
shown in Fig. 186. In general, wood veneer will be the best material 
for this enclosed set, but heavily painted canvas will provide a fairly 
satisfactory substitute. If the stage of the auditorium be converted 
into a setting for musical concerts by means of the customary velour 
hangings , an excessive amount of the sound is absorbed and lost in the 
stage recess. This not only makes for a deficiency of sound energy out 
in the auditorium, but it makes it hard for musicians to play together, 
since they experience greater difficulty in hearing one another. The 
use of a properly designed set made of reflective material will overcome 
both these defects. All seats which are permanently installed in the 
auditorium should be heavily upholstered and covered with a porous 
fabric, so that the reverberation time will not depend too much upon 
the size of the audience which is present. Finally, a public address 
system is quite indispensable in auditoriums seating more than about 
2000 persons. Provision for the installation of this equipment should 
be made in the original design of the building, and suitable housing units 
should be provided for the electrical equipment, as well as for the sound 
projectors. If the auditorium is to be used extensively for conventions 
in which speaking may originate from any position on the floor, a port¬ 
able microphone should be made available for such speakers. For fur¬ 
ther information concerning the design of municipal auditoriums the 
reader should consult Sec. 181 dealing with the design of theatres, and 
Sec. 186 dealing with the design of concert halls. The problem of the 
acoustical design of a municipal auditorium is a difficult and an impor¬ 
tant one which requires special study, beginning with the initial sketches 
on the shape and size of the auditorium and ending with the testing of 
the completed auditorium. 

163. Parliamentary Buildings. Parliamentary buildings, as dis¬ 
cussed in this section, will include all types of legislative, administrative, 
or judicial buildings. In general, there are two types of room in par¬ 
liamentary buildings which require acoustical consideration: (1) As¬ 
sembly rooms, including council chambers, legislative chambers, court 
rooms, co mmi ttee rooms, and all rooms where meetings or conferences 
may be held. These rooms are, above everything else, speech rooms, 
and therefore everything possible should be done to provide them with 
the best possible conditions for the hearing of speech. (2) Work rooms, 
including public and private offices, printing rooms, reference rooms, 



PARLIAMENTARY BUILDINGS 


443 


and filing rooms. The acoustical conditions in these rooms should be 
of such a nature as will facilitate both the speed and ease of work, 
that is, the rooms should be quiet and free from reverberation. 

Since parliamentary buildings are usually located in a busy and there¬ 
fore a noisy part of the city, it is necessary that the buildings be de¬ 
signed so as to insulate these noises to a tolerable level. Thus, it is 
certain that a court room, a council chamber, or an assembly room in an 



Fig. 192. Swimming pool with ceiling and upper walls treated with “ Macoustic 
Plaster.” 


urban locality cannot be maintained quiet enough for speech if it is 
necessary to have the windows open for purposes of ventilation. It is 
necessary therefore that all assembly rooms in noisy localities be pro¬ 
vided with artificial ventilation, so that all windows can be closed. 
(There may be exceptions to this requirement where the windows open 
onto a relatively quiet court.) In all cases the windows should be of 
heavy glass, and in extreme cases double windows separated by a wide 
air space should be provided. Since the assembly rooms are used 
exclusively for speech, the time of reverberation provided should be in 
close agreement with the optimal time for speech rooms. (See Fig. 
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Fio. 193. Court room in Cook County Courthouse. Ceiling and walls are treated 
with highly absorptive tile. 
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181.) It is particularly important that good acoustical conditions be 
provided in council chambers and court rooms, where both spectators 
and participants should be able to hear easily and perfectly. To this 
end, high ceilings and unnecessarily large rooms should be avoided. 
A flat ceiling, 14 to 20 feet high, of hard plaster or other highly reflec¬ 
tive material, is desirable provided the walls and floor can be treated so 
as to give a suitably low period of reverberation. 

Typical examples of calculations of insulation and reverberation for 
rooms of this type are worked out in the chapter on school buildings. 
Noise from the outside should be reduced to not more than 15 db in 
the room. If this degree of quiet has been attained, and if the rever¬ 
beration time has been reduced to the optimal time for speech rooms, 
no difficulties will be encountered in rooms smaller than about 100,000 
cubic feet. In larger rooms it is advisable to design the shape and to 
arrange the various parts of the room so as to favor the flow of sound 
from speakers to listeners. In addition, it may be necessary to install 
a suitable public address system, especially in very large and noisy rooms. 

164. Museums and Libraries. There is a growing insistence on the 
part of the public that all museums and libraries be treated acoustically. 
In general, all exhibit or reading rooms, and corridors and stairways, in 
museums and libraries should be treated with suitably absorptive ma¬ 
terial. If the reverberation time be reduced to about 1 second in the 
smaller rooms, and to about 1.5 to 2.0 seconds in the larger rooms, the 
rooms will be found to be entirely satisfactory. If there are lecture 
halls in these buildings, special attention should be given to the acoustical 
properties of these rooms, so that the optimal conditions will be obtained 
for the hearing of speech. (See Sec. 158 for the design of lecture halls.) 
Some architects are of the opinion that the reference and reading rooms 
in libraries are not in need of acoustical treatment, since they are not 
used for speaking purposes. However, in untreated rooms, especially 
in large reading or reference rooms with hard-plaster walls and ceilings, 
it is likely that the closing of a door, the dropping of a book, or other 
noises incidental to the conduct of routine business in the room will 
generate such noises as will constitute a real annoyance to the occupants 
of the room. It is axiomatic that quiet is desirable for study or reading, 
and every reasonable effort should be made to secure this environment 
in museums and libraries. 

The Museum of History, Science and Art, Los Angeles, designed by the 
Allied Architects, and the Pasadena Public Library, Myron Hunt, 
architect, were studied in advance of construction for the purpose of 
determining the required extent and type of acoustical treatment. 
As a result the ceilings, and in some instances the walls, of all rooms or 
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corridors used by the public were treated with an acoustical plaster 
having a coefficient of absorption of about 0.18 to 0.20 at 512 cycles. 
The outcome in both buildings was highly satisfactory. One need only 
visit such buildings as these and compare them with others which have 
not been treated acoustically to be convinced that the acoustical treat¬ 
ment of museums and libraries is a prime necessity. 

165. Office, Bank, and Industrial Buildings. The value of quiet 
in office buildings, bank buildings, and in all buildings where people work 
has been amply demonstrated in recent years. Workers in quiet sur- 



Fig. 194. Press Room, Chicago Daily News. Ceiling, including beams and ven¬ 
tilating ducts, finished in Johns-Manville “Sanacoustic Tile.” 


roundings can do more and better work than they can in noisy surround¬ 
ings. Noise is especially irksome and destructive of efficiency among 
individuals who do mental or creative work. In a quiet and non-rever- 
berant office one has no difficulty in hearing or in being heard over the 
telephone; dictation is easy and free from errors in the recognition of 
the sounds of speech which are so frequent and annoying in noisy rooms; 
formal conferences or informal conversations proceed without the 
participants failing to hear what is said; and the entire nervous system 
of the worker is relieved from the incessant bombardment of irritating 
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noises. Those who work in a quiet environment are therefore better 
adapted to meet and solve the problems of the day, and are not so fa¬ 
tigued at the end of the day as are those who are obliged to work in the 
presence of noise. 

The value of quiet in offices has been fully demonstrated by extensive 
studies on the effect of office quieting upon the efficiency of workers. 
Thus, the acoustical treatment in a certain large office cost $6000. 
It was estimated that if this cost were prorated over ten years, including 
interest at 6 per cent, the cost would be two cents a day for each em¬ 
ployee. It would require an increase in the efficiency of the employees 
of only one half of 1 per cent to cover the cost of the acoustical treatment. 
Tests by many companies have shown that the increase in the efficiency 
of clerical workers, for example, has amounted to several per cent. 
Thus, the application of sound-absorptive material to the ceiling of an 
insurance office was accompanied by an increase of 12 per cent in the 
output of the office. In another life insurance office, tests conducted 
in three different departments showed that the acoustical treatment of 
the ceilings produced an increase in working efficiency of 8.8 per cent. 
This was more than eight times the increase in efficiency required to 
justify the cost of the installation. Similar treatment of the telephone 
receiving room of a telegraph office produced a decrease of 42 per cent 
in the number of errors and a decrease of 3 per cent in the cost per 
message. 

Some recent tests by Donald A. Laird of Colgate University have 
revealed some interesting facts concerning the effects of noise on work¬ 
ing efficiency. 1 Tests were conducted on four typists who were required 
to do routine typing in the presence of a noise, first when the hard-plaster 
walls and ceiling of the room were exposed, and then when the walls 
were partially covered with panels of perforated fibre board. Noise 
was generated by means of a “ noise machine ” which produced the 
sounds of an electric motor, ball bearings rotated in a hexagonal sheet- 
iron drum, an auto siren, and a telephone bell. Tests were made of 
(1) the energy consumption of the typists (by measuring the metabolic 
rate from samples of exhaled air), (2) the speed of typists (by deter¬ 
mining the number of strokes per minute and the time for removing a 
completed letter and inserting a new sheet), and (3) the number of 
errors made in typing. The results of the tests indicated that on the 
average the typists expended 19 per cent more energy in doing the same 
work in the untreated room than they did in the treated room. A gain 
in speed of 4.3 per cent was noted when the noise was reduced by means 

1 Donald A. Laird, “ Measurements of the Effect of Noise on Working Efficiency,” 
The Journal of Industrial Hygiene, 9, 10 (October, 1927). 
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of the absorptive panels in the room. In this connection it was noted 
that the speedier workers were more affected by noise than were the 
slower workers. In fact, the slowest worker was not affected at all by 
the noise, whereas the fastest worker was affected the most. The 
number of errors made in typing was not greatly affected by noise, 
although the two fastest typists made fewer errors in the treated room 
than they did in the untreated room. No tests were made to determine 



Fig. 195. Office, Second Floor, Northern States Power Company, St. Paul, Minne¬ 
sota. Entire ceiling treated with “ Insulite Acoustile.” 


the effect of noise upon the number of errors made in taking dictation, 
but other tests which have been made to determine the effect of rever¬ 
beration and noise upon the number of errors made in the recognition 
of speech would indicate that the number of errors in dictation in the 
untreated room would have been at least twice as numerous as the er¬ 
rors in the treated room. It may be stated therefore that quiet working 
conditions will reduce very appreciably the consumption of body 
energy for doing a given amount of work, will increase the speed of work, 
will reduce the number of errors made in many types of work, and will 
eliminate nearly all errors in the recognition of speech. 

The necessity for quiet in doctor offices is perhaps even greater than 
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that for other commercial offices. The amount of noise encountered 
in the average physician’s office is so great that it is impossible by the - 
usual tests to detect an impairment of hearing unless the patient has 
less than 80 per cent of normal hearing. In other words, the amount 
of noise present in the average physician’s office is sufficient to produce 
a masking effect equivalent to a deafness of 20 per cent. It is as im¬ 
portant that the otologist’s office be quiet for making tests of hearing 



Fiq. 196. Switchboard room; Pennsylvania Hotel, New York. Entire ceiling 
treated with Johns-Manville “Sanacoustic Tile.” 


as it is that the optometrist's or ophthalmologist's office be dark for the 
making of certain tests of seeing. It is likewise important that the 
general physician's office be quiet for tests with the stethoscope or for 
tests by auscultation. Diagnoses based upon such tests cannot attain 
the highest possible accuracy or fidelity if made in noisy offices. 

Modern developments in the design of office buildings indicate very 
clearly that future buildings will be both quiet and air conditioned. 
In fact it is almost impossible to provide adequate quiet in office buildings 
if open windows be depended upon for the ventilation of the rooms. 
Quiet rooms, especially in office buildings which are located in metro¬ 
politan centres» can be realized only with closed windows, and conse- 
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Fig. 197. Edison Building, Los Angeles, (Allison and Allison f Architects). More 
than 20,000 square yards of “Kalite” plaster used in ceilings of all offices. 
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quently the future development of quiet in office buildings is likely to be 
associated with the future development of air conditioning. It was 
shown in Chap. XIII that a typical room with windows closed provided 
an insulation of 36.2 db. If 20 square feet of the windows in this same 
room be open, the over-all insulation will be reduced to 11.0 db. Since 
open windows transmit much more sound into a room than do the rest 
of the boundaries of the room, it is futile to attempt to improve the in- 



Fia. 198. Interior of Exhibition Room in Edison Building. “Kalite ” plaster, 

1} inches, applied directly to metal lath in ceiling. 

sulation through the walls and ceiling of a room so long as the windows 
are open. 

The Southern California Edison Building, Los Angeles, Allison and 
Allison, architects, is an example of a recently constructed building which 
is both air conditioned and acoustically treated. All windows in the 
building are permanently and tightly closed, and are opened only in 
cases of emergency. Every office and work room in the building has 
been treated acoustically: (1) the ceilings of most work rooms with an 
acoustical plaster having a coefficient of sound-absorption of about 0.30 
at 512 cycles, and (2) the ceilings of public offices and other special rooms 
with an acoustical plaster having a coefficient of about 0.50 at 512 cycles. 
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The average level of the noise in private offices in this building (located 
in downtown Los Angeles) is from 15 to 26 db, depending upon loca¬ 
tion, and the average noise level in larger offices and work rooms is 
from 34 to 48 db, depending upon the number of people and the type of 
work in each room. If the windows are opened the noise level increases 
25 to 30 db in the private offices, and 10 to 20 db in the larger rooms. 
The windows are always closed during working hours, and under this 
condition the acoustical properties of all office and work rooms in the 
building are very good. 

As a rule, it is not feasible to prescribe optimal times of reverberation 
in connection with the acoustical treatment of office, bank, and in¬ 
dustrial buildings. The addition of absorptive material in such rooms 
reduces the level of noise in the room, improves the conditions of the 
room for the hearing of speech, and tends to prevent the spread of noise 
from its source to remote parts of the room. The reduction of noise in 
the room occasioned by the introduction of the absorptive material in 
the ceiling or in the ceiling and on the walls will depend upon the total 
amount of absorption added to the room. Thus, if an untreated room 
has a total of 200 sabines of absorption, and if 1800 sabines of absorptive 
material be added to the ceiling and walls of the room, the total absorp¬ 
tion in the room will then be 2000 sabines. Since the intensity of sound 
in a room is, to a first approximation, inversely proportional to the 
amount of absorption in the room, the average intensity of the noise and 
all other sounds in the treated room will be only one tenth as great as 
they would be in the untreated room. That is, the addition of the 1800 
units of absorption to the room will result in a 10-db reduction in the 
level of all noise in the room, whether the noise is of inside or outside 
origin. Thus, if in the untreated room the average level of the noise 
be 50 db, the level of this same noise in the treated room would be 40 db. 
A reduction from 50 db to 40 db may not seem to be a very appreciable 
one to those who are not familiar with the relation between intensity, 
sound level, and loudness. But when it is remembered that a reduction 
of .8 or 9 db will be judged by the average person as a reduction in loud¬ 
ness to one half of the original loudness, 2 it will be readily appreciated 
that the average worker in a room will regard a reduction of 10 db as 
equivalent to more than a 50 per cent reduction in the loudness of the 
noise; and when noise, as judged by the average person, is*reduced to 
less than one half, the reduction is genuinely appreciated, and may 
represent the difference between acceptable and intolerable conditions. 

2 John S. Parkinson, “Experimental Judgments of Relative Loudness by a Number 
of Observers as Related to the Decibel Scale” (Abstract), Jour. Acous. Soc., 8, 7 
(July, 1931). 
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Further, such a reduction in the reverberation as is occasioned by the 
addition of this amount of absorptive material will make a marked im¬ 
provement in the acoustical properties of the room for the recognition 
of the sounds of speech, and this factor will contribute greatly to the 
individual's satisfaction with the room. Also, the effect which absorp¬ 
tion has in localizing noises in a room is a factor which contributes to 
the personal comfort of the worker. Thus, a noise which originates in 
a remote part of an acoustically treated room is not only reduced in 
intensity, but the noise seems to originate at a relatively great distance 
from the listener. The absence of reverberation in a room enables the 
individual to localize the source of the sound, whereas in a reverberant 
room the multiplicity of reflections bombarding the ears from all direc¬ 
tions places the individual in a state of confusion regarding the origin 
of these noises. 

The absorptive treatment of offices is nearly always accomplished by 
treating the ceiling with a highly absorptive material, as tile or felt, 
although in recent years there is a growing tendency to treat both the 
ceiling and the walls with a less absorptive material, as acoustical plaster. 
It is not feasible to set forth any definite rules for selecting the most feasi¬ 
ble type of acoustical material for a certain room. In general, however, 
if the entire ceiling of offices 10 to 15 feet in height be treated with an 
acoustical material having an average coefficient of sound-absorption 
of 0.30 to 0.50, 3 the results will be satisfactory. If the ceiling height 
of the room be greater than 15 feet a material having an average coeffi¬ 
cient of 0.50 to 0.80 should be used. If the ceiling be very high, say in 
excess of 30 feet, it is often desirable to apply acoustical treatment to 
the walls as well as to the ceiling. In large offices which are relatively 
low, treatment of the ceilings will be more effective than treatment 
of the walls. (See Sec. 55.) And in small offices with highly reflective 
and parallel walls the absorptive treatment should be applied to the 
walls as well as the ceiling. This will prevent multiple reflections 
between parallel walls, 

The choice of material and type of treatment must be determined 
by a number of factors in addition to the coefficients of absorption, 
such as appearance, ease of decoration, maintenance, combustibility, 
and cost. (See Sec. 83 and Table XX.) A difference of 10 per cent 
in the absorption coefficients of two materials will at most make a 
difference of only 1 db in the average level of noise in the room. It 
would be a mistake therefore to choose one particular material merely 
because it was 10 per cent more absorptive than another if the choice 
of this more absorptive material entailed any appreciable sacrifice in 

3 The arithmetical mean of the coefficients at 128, 512, and 2048 cycles. 



454 


PUBLIC AND COMMERCIAL BUILDINGS 


structural quality, appearance, or cost. Finally, consideration should 
be given to the absorptive characteristic of the material which is selected 
for office quieting. In general, the types of vibration which make up 
the noise in an office, such as the impact noises of typewriters and business 
machines, the ringing of bells, the conversations of other occupants of 
the room, and traffic noises which come in through partially open win¬ 
dows, are made up of an almost continuous band of frequencies from the 
lowest to the highest audible sounds. It is therefore necessary that the 
absorptive material have a uniformly high absorption coefficient from 



Fig. 199. Aetna Life Insurance Building. More than 300,000 square feet of 
“Acousti-Celotex,” Type BB, used for acoustical treatment. 


about 100 to 4000 cycles. But since most noises are preponderantly 
comprised of frequencies between about 200 and 2000 cycles, as judged 
by the ear, the acoustical materials should be highly absorptive in this 
range. In most cases of office treatment it is sufficient to rate materials 
in terms of their coefficients at 512 cycles, since the coefficient at this 
frequency is quite representative of the coefficients throughout the 
frequency range from 200 to 2000 cycles, but it is somewhat better to 
use an average coefficient based upon the mean of 128, 512, and 2048 
cycles, and to give preference to materials which possess a good absorp¬ 
tion characteristic. Materials which have a coefficient at 128 cycles 
of about one third to one half of the coefficient at 512, and which are 
about as absorptive for all frequencies above 512 as they are at 512, 
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will have a satisfactory absorption characteristic for office-quieting 
purposes. 

166. Hospitals. Nearly always the first order of the doctor for the 
patient confined in a hospital is “ the patient must have quiet.” The 
hospital is usually located in a busy part of the city where the noise 
level is 60 db or more. The windows must be open for ventilation, and 
therefore the insulation provided by the room may not be more than 10 
to 20 db. The “ quiet ” therefore which is ordered for the patient must 
be realized in the presence of a din of 40 to 50 db of traffic noise, not to 
mention the noises which may originate inside the building — such as 
the crying of infants, the groaning or screaming of suffering adults, and 
the inexcusable noises of attendants, utility wagons, and building 
equipment. Such is the situation in the modern hospital where no real 
effort has been made to secure quiet. Modern monolithic structures 
with hard-plaster walls and ceiling, with long unbroken corridors (effi¬ 
cient speaking tubes connecting all parts of the building), with no ab¬ 
sorptive carpets or hangings in the patients’ rooms, with open windows 
and poorly fitting doors, with inadequate isolation and insulation 
for nurseries, labor rooms, and acute patients’ rooms — these present 
an array of acoustical problems which are in the direst need of so¬ 
lution. It will be the purpose of the present section to outline the 
general nature of these problems and to suggest practical methods of 
solution. 

Although the amount of noise that patients can tolerate without being 
disturbed varies greatly for different individuals, a level of about 15 db 
will be tolerated by nearly all, and this is about as low a level as can be 
attained without going to extreme types of structure involving pro¬ 
hibitive costs. Furthermore, if the noise level in a room be reduced 
below 15 db, the patient may hear his own heart beat, or may hear other 
internal noises which may be a source of annoyance or even worry to 
him. However, there is little danger of attaining this degree of quiet 
under the existing conditions associated with hospitals and the con¬ 
struction of buildings. On the other hand, if the architect and engineer 
design a building in which the noise level in the patients’ rooms is cal¬ 
culated not to exceed 15 or 20 db, and if the construction be properly 
supervised, the required degree of quiet can be attained without adding 
more than 3 to 5 per cent to the cost of the building. In order to attain 
this end it will be necessary to choose a location in which the average 
outside noise level is not greater than 35 to 40 db (where open windows 
are depended upon for the ventilating of the rooms) or, if the noise level 
be greater than 50 db, to design the building with permanently closed 
windows, in which case air conditioning must be provided for all rooms. 
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Completely air-conditioned hospitals, with permanently closed windows, 
not only will provide a solution to the most difficult aspect of providing 
quiet, but they also will provide the benefits of properly regulated tem¬ 
perature and humidity, washed and dust-free air, and will exclude the 
possibility of drafts of air from open windows. Permanently closed 
windows for buildings located in noisy sites is the first and the most 
important expedient in providing quiet in hospitals. This expedient 
alone will provide a reduction of all outside noise of at least 20 db. It 



Fig. 200. Auditorium in Orthopedic Hospital, Los Angeles. “Trutone Acoustical 

Tile” in all ceiling panels. 

is of course possible to mitigate noises by absorptive treatment, and by 
paying attention to many other details in construction, — possibly a 
reduction of 10 to 15 db can be attained by such measures — but it 
should be clearly recognized that the adequate exclusion of traffic noises 
in metropolitan centres cannot be accomplished unless the windows are 
kept permanently closed. 

The acoustical design of a hospital can be worked out along the fol¬ 
lowing lines. The first step consists in making a noise survey in the 
vicinity of the proposed site for the hospital. This survey should be 
made during representative portions of the day and the night, and should 
extend to all parts of the proposed site. Assuming that this noise 
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Survey has determined the probable magnitude of the noise level in the 
vicinity of the proposed building, it is possible to design the walls and 
windows for the building to provide the required amount of insulation, 
namely the difference between the level of the outside noise and the 15 
or 20 db which can be tolerated in the patients’ rooms. Thus, if the 
probable level of the outside noise is found to be 60 db the walls and 
windows of the hospital should provide an insulation of 40 to 45 db. 
An inspection of the tables giving the coefficients of transmission for 
different materials and types of wall structure (Chap. XII) will enable 
the architect to select a type of wall construction which will provide the 
required amount of insulation. The manner of making the calculations 
on sound-insulation has been indicated in the typical problem worked 
out in detail in Chap. XIII, Sec. 106. (See also Sec. 158.) If the site 
be a particularly noisy one, and if a high degree of quiet be planned 
for the hospital, it may be necessary to use double windows in each 
opening, the two windows being separated by an air space of 6 to 
12 inches. 

If the cost of construction prohibits the installation of air-conditioning 
equipment for patients’ rooms, it is of course necessary to provide 
ventilation by means of the windows, in which case it probably will be 
impossible, in metropolitan localities, to reduce the noise in the rooms 
to as low a level as 15 or even 20 db. The use of suitable window mufflers 
placed outside of the window openings will provide an effective insulation 
of as much as 6 to 10 db. In many instances this amount of insulation 
contributes materially to the quiet in the room, although it should be 
borne in mind that existing types of window muffler are by no means 
equal in value to closed windows. 

The problem of noise isolation should be given careful consideration 
in laying out the general plan of the hospital. The building should be 
located away from busy traffic arteries, electric trams, or other sources 
of noise. The building should be set back from the streets, and should 
be surrounded by tall trees and other planting. The approaches for 
ambulances, doctors’ automobiles, and delivery trucks should be far 
removed and thoroughly shielded from the patients’ rooms. The 
heating and ventilating equipment room, the X-ray room, the kitchen, 
utility rooms and employees’ dining room, the administration offices, 
and the elevators should be thoroughly insulated from the patients’ 
rooms. Special isolation and sound-insulation should be provided for 
the maternity and nursery rooms. Equally good insulation should be 
provided for the rooms of acute sufferers who are likely to be noisy. 
It is often possible to segregate rooms for such patients in separate wings 
of the building. The cries of a patient in pain often will reach a sound 
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level of 80 db. It therefore requires an insulation of 60 to 65 db be¬ 
tween these rooms and the rooms which are to be shielded from such dis¬ 
turbing noises. In general, this amount of insulation cannot be attained 
by a single wall, much less by a single door or window. It is necessary 
therefore to use at least two separate doors between units which require 
such large amounts of sound-insulation. 

The floors of all corridors and utility rooms should be covered with a 
resilient floor covering, as rubber tile or battleship linoleum. Such 
coverings not only help to take up the noise of footfalls and utility wagons, 
but they also contribute to the absorption of sound. 

All wards, private patients’ rooms, labor and delivery rooms, nurseries, 
operating rooms, clinic or class rooms, dining and utility rooms, every 
corridor and nearly every other room in the hospital should be treated 
with sound-absorptive material. The modern hospital often has many 
rooms which are used for instruction purposes, for clinics, for confer¬ 
ences, and for technical or administrative meetings. These rooms should 
be treated in such a manner as to provide the optimal acoustical con¬ 
dition for the hearing of speech. (See chapter on school buildings.) 
The use of absorptive material in all other rooms is for the purpose of 
suppressing noise. If the ceilings of all these rooms and of all the cor¬ 
ridors be treated with an acoustical material having coefficients of not 
less than 0.15 at 128 cycles and not less than 0.40 at 512 cycles, the con¬ 
trol of reverberation will be satisfactory. If a less-absorptive material 
be used, as acoustical plaster, the entire ceiling and at least the upper 
half of the walls should be treated with a material having coefficients 
of sound-absorption of not less than 0.10 at 128 cycles and not less 
than 0.20 at 512 cycles. 

The choice of acoustical materials for the treatment of hospitals should 
receive the most careful consideration. First of all, the material must 
not interfere with the sanitary requirements of the hospital. This 
requires a hard, clean surface which can be decorated, or a surface which 
has a permanent glaze. The surface must be of such a nature as will 
withstand washing and scrubbing every two or three months, and re¬ 
decorating every year or so, without disintegrating or without losing 
an appreciable amount of its absorptive value. This subject has re¬ 
ceived careful attention by C. S. Neergaard, 4 who has collected jsome use¬ 
ful data on the merits and on the relative costs of installing and main¬ 
taining different acoustical materials in hospitals. The materials were 
tested for the absorption of water during scrubbing and following soak¬ 
ing, and for the content of water after drying for 72 hours. The plasters 

4 C. S. Neergaard, “How to Achieve Quiet Surroundings,” The Modern Hospital, 
32 (March, 1929). 
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tested showed that the better grades of acoustical plaster gained weight 
in the amount of 6 to 11 per cent after scrubbing, and 14 to 20 per cent 
after soaking. After a period of 72 hours of normal drying all the ab¬ 
sorbed water had evaporated. 5 Perforated and painted fibre board, and 
a special felt covered with a perforated oilcloth, absorbed greater con¬ 
tents of water after scrubbing than did the acoustical plasters, and the 
fibre boards and felts contained 20 per cent (by weight) of water after 



Fig. 201. Kitchen in Michael Reese Hospital. ( Schmidt, Garden and Erickson, 
Architects.) Ceiling treated with painted “Acousti-Celotex.” 


normal drying for 72 hours. Neergaard's tests indicate that the most 
suitable materials for the acoustical treatment of hospitals are felted 
materials (mineral wools are now available) which can be covered with 
a painted and washable membrane, perforated fibre boards which can 

5 In some tests conducted by the author in connection with the acoustical treat¬ 
ment for the Los Angeles County General Hospital, Acute Unit, it was found that 
two types of acoustical plaster (both having coefficients of absorption in excess of 
0.20 at 512 cycles) would withstand repeated washings. These plasters gained 
weight in the amount of 36 per cent after soaking. Twenty-five per cent of the ab¬ 
sorbed water remained in the plaster after drying for 24 hours, and 5 per cent after 
drying for 72 hours. 
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be painted many times without loss of absorptive value, and acoustical 
plasters which can be washed and redecorated without appreciable loss 
of absorptive value. 

Recently, a number of tiles and plasters have been developed which 
possess all the merits required of acoustical materials for the treatment 
of hospitals. The specifications for the new Los Angeles County Gen¬ 
eral Hospital, Edwin Bergstrom and associates, architects, called for 
an acoustical plaster having coefficients of absorption of not less than 
0.10 at 128 cycles, 0.20 at 512 cycles, and 0.26 at 2048 cycles. In addi¬ 
tion, the specifications called for a plaster of high tensile and compressive 
strength, which can be washed with soap and water and cleaned with a 
vacuum cleaner operating under a nozzle pressure of 3 inches, which will 
not dust, rub or fall off from the walls or ceiling, and which can be inte¬ 
grally colored to a uniform light buff. The selection of the acoustical 
plaster for this building was based upon cleaning, washing, and sound- 
absorptive tests of many competitive plasters which were applied to the 
walls and ceilings of several test rooms provided at the building. As a 
result of these tests a plaster has been developed which meets all the 
acoustical and structural requirements set forth in the architects’ 
specifications. 

Many people are of the opinion that the pores in acoustical materials 
provide ideal nests for the proliferation of bacteria. This point also has 
been tested by Neergaard,® who collected a number of typical materials, 
including felts, fibre boards, and acoustical plasters, and applied cul¬ 
tures of B. prodigiosus , by means of brushing and spraying, to five 
typical acoustical materials. The materials later were tested for the 
presence of these bacteria at different depths in the materials. All the 
tests revealed the presence of bacteria up to the eighth day following the 
infusion, but on the twelfth day the tests were negative on all the ma¬ 
terials. The results were about the same for both the organic and the 
inorganic materials, and indicated that in general acoustical materials 
do not possess any better germ-breeding nests than do hard plaster, 
wood, and other materials which are used for the interior walls and 
ceilings of hospital rooms. On this point Neergaard states, “ Certainly 
there is no evidence of bacterial proliferation, even with the saprophytic 
B . prodigiosus, and there is every reason to believe that the- materials 
composing the samples would provide an even less satisfactory source 
of food supply to organisms accustomed to a more highly developed 
parasitic existence.” It would appear therefore that such acoustical 
materials as are commonly used for the treatment of hospitals do not 
increase the hazard of germ propagation. 

• C. F. Neergaard, Jour. Acous. Soc., 2,106 (July, 1930). 
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The advantages to be gained in making the hospital quiet are manifold. 
Materials and types of construction are available which, if used in 
accordance with the established principles of architectural acoustics, 
will provide a much-needed quiet — and at a price which will be amply 
warranted. 
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CHAPTER XXI 
CHURCH BUILDINGS 

167. Introductory. In one of the best and most widely read American 
books on church architecture, written at the beginning of this century, 
the only specific proposal for securing good acoustics is a suggestion that 
long and narrow naves possess better acoustical properties than do short 
and wide naves. Although, as a general rule, this suggestion may con¬ 
tain an element of fact — since long and narrow naves would have a 
shorter reverberation time than would relatively short and wide naves, 
owing to the shorter mean free path between successive reflections — it 
is, of course, only a relatively inconsequential factor in determining the 
acoustical properties of a church building. There are ample architec¬ 
tural reasons for the long, narrow, and high nave, but solely from the 
standpoint of acoustics the short, wide, and low nave is superior, espe¬ 
cially for the spoken part of the church service. But religious tradition, 
architectural beauty, and the high purpose of the church should not be 
detrimentally compromised even for good acoustics. Fortunately, the 
requirements for good acoustics are of such a nature that they do not 
call for any pernicious changes in the structural composition of either 
classical or modern church architecture. But it must be remembered 
that the proper vehicle for speech and music is as truly an artistic and 
spiritual expression of the church as are proportions in form, durability 
in materials, and simple elegance in furnishings. The sermon in the 
modem church, and especially in the Protestant church, has become a 
most important part of the church service, and although the congregation 
assembles principally for the purpose of worship, the present-day wor¬ 
shipers will be greatly dissatisfied if they cannot hear the sermon. It 
can hardly be disputed that church architecture reaches its most sublime 
beauty only when it conveys to its disciples, both through the eye and 
through the ear, that which is the finest and the most enduring of our 
civilization. It is the purpose of the present chapter to outline some of 
the practical methods by which this high objective — in its" acoustical 
aspects — can be attained. 

The interior shapes of churches are often very complicated, consisting 
of numerous connected spaces; but nearly all existing forms have 
evolved from two primitive ones — the oblong and the circle — into 
variations of the Greek or Latin cross. In the more complicated forms, 
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the acoustical problem is one of coupled spaces, in which it is necessary 
to give careful consideration to the resulting acoustical properties in the 
sanctuary and in the chancel, in the organ chamber and the choir loft, 
in the nave and the transepts, and in the aisles and the adjacent chapels. 
We shall begin with the simplest forms of country churches, where the 
acoustical problem is concerned with a single rectangular room. Then, 
following the order adopted by Ralph Adams Cram in his admirable book, 

“ Church Building/’ we shall consider successively the increasingly more 
complex forms of village churches, city churches, and cathedrals. 

It is necessary at the same time to recognize the general nature of the 
acoustical requirements for churches of different denominations. Music 
is an important function in all churches. The sermon is a more impor¬ 
tant function in the Protestant church than it is in the Roman Catholic 
church. 1 In the Christian Science church, the acoustical requirements 
involve good audition for speaking, reading, and singing from the plat¬ 
form, and in addition good audition for speaking which may originate 
from any seat in the auditorium. The synagogue, as a rule, is circular 
or octagonal in plan, and the ceiling is high and domed. It therefore 
must be studied very carefully from the standpoint of echoes, sound foci, 
delayed reflections, and excessive reverberation. The Gothic cathedral, 
on the other hand, is not so likely to suffer from echoes, sound foci, and 
delayed reflections; but because of its extreme length the audience is not 
near the source of sound, and therefore provision should be made to 
project the sound to even the most remote auditors. In all churches 
the necessity for complete insulation against outside noises cannot be 
too strongly emphasized. Of all places, the church should provide a 
quiet refuge from the outside world of noise and turmoil. This is im¬ 
possible in a church where one is disturbed by the honking of automobiles, 
the clanging of trolley cars, and the grinding and clashing of the gears of 
motor busses and trucks. These and many other varied problems in 
acoustics which arise in the design of church buildings will be discussed 
in the following sections* 

168. Country Churches. The country church is usually a long rec¬ 
tangular room with the sanctuary and chancel at one end and the nave 
at the other end. Fig. 202 shows an arrangement of organ, choir, pul¬ 
pit, and lectern which conforms to good acoustical design. The organ 
speaks directly into the chancel and the nave, and is behind the choir, 
where it can support rather than submerge the singers. The pulpit 
and lectern are both near the audience. If the importance of the altar 
precludes the feasibility of locating the organ behind and above it, the 

1 The Reformation brought a change in church architecture which places the major 
emphasis on the pulpit rather than on the altar. 
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organ can be located in a chamber behind the altar, and concealed from 
the audience by a suitable grille which, at the same time, will not impede 
the flow of sound from the organ to the chancel and nave. This location 
of the organ is far better than the one so frequently assigned to it in 
modern design, namely, on either side of the chancel. 

Reasonable precaution should be taken in insulating the church against 
outside noise, or against noise which may originate in adjacent rooms. 
If the building is located on a quiet country road it is not probable that 
any special measures need be taken, but if it is located on a busy high¬ 
way, or if there are other sources of noise in the vicinity of the church, 
the walls, ceiling, doors, and windows should be designed to provide 
adequate insulation against all existing or probable future noises. The 
manner of making the calculations and choosing the proper types of 



Fig. 202. Suggestive plan for country church, showing location of organ, choir, 
pulpit, and lectern for good acoustical properties. 


construction for any required amount of insulation is worked out in 
Chap. XIII. (See also Sec. 158.) If the walls are of stone or brick, 
and if the ceiling has a Comparable degree of insulation, it is likely that 
the problem of sound-insulation will consist only of providing sufficiently 
heavy, and tightly fitting, doors and windows. 

The prime consideration in the acoustical design of the country church, 
as in all speech and music rooms, is the proper control of reverberation. 
In'general, the walls, floor, and ceiling of the chancel and sanctuary 
should be finished with fairly reflective and resonant materials, as wood 
or lime plaster on lath; and the walls and ceiling of the nave should be 
finished with fairly absorptive materials, as acoustical plaster or tile. 
The optimal time of reverberation (at 512 cycles), which should be pro¬ 
vided for two thirds of capacity audience, will depend upon the size 
and the denomination of the church, and can be determined from the 
chart given in Fig. 203. This chart is based upon the requirements for 
both speech and music and upon the nature of the services conducted 
by different denominations. Observations and measurements in many 
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churches which have highly acclaimed acoustics show that these churches 
have times of reverberation comparable with those shown in the chart. 
The lower part of the band should be used for Christian Science churches 
because of the predominant importance of the spoken service. The 
upper part of the band should be used for cathedrals and Roman 
Catholic churches, where music is a relatively important part of the 
service. And the medial part of the band should be used for Prot¬ 
estant and Jewish churches, where speech and music are equally 
important. 

Thus, suppose the church (Protestant) shown in Fig. 202 has a length 
of 90 feet, a width of 30 feet, and an average height of 35 feet. The 



25,000 50,000 100,000 200,000 400,000 800,000 1,600,000 

Volume-Cu. Ft. 

Fia. 203. Optimal reverberation times for church auditoriums. The lower part of 
the band should be used for Christian Science churches, the medial part for Protes¬ 
tant and Jewish churches, and the upper part for cathedrals and Roman Catholic 
churches. 


church will accommodate 210 persons, so that the optimal time of rever¬ 
beration should be provided for 140 persons. Suppose that the entire 
floor is of pine, and that 1100 square feet of the floor — the aisle, the 
chancel, and the sanctuary — be covered with carpet strips over J-inch 
felt padding. With the carpet on the floor of the chancel and sanc¬ 
tuary, no other absorptive material should be used for the walls and 
ceiling of the chancel and sanctuary. Suppose therefore that the 
walls of the chancel and sanctuary are of lime plaster and the ceiling of 
wood. 

The volume of the church is 94,500 cubic feet, and the interior sur¬ 
face is 13,400 square feet. The optimal time of reverberation is 1.30 
seconds. In order to determine the materials to use for the walls and 
ceiling of the nave which will provide this time of reverberation it is 
necessary to go through the routine calculation, as follows: 
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The reverberation constant 2 k is 0.049. Therefore 


Or 

and 


log, (!-«) = 


0.049 V _ 0.049 X 94,500 
-St -13,400 X 1.30 


a = 0.234, 
aS = 3140 sabines. 


0.266. 


The absorption supplied by the audience, wood floor, carpet, and the 
walls and ceiling of the chancel and sanctuary is tabulated as follows: 


140 persons . . 

1600 square feet wood floor 

1100 “ “ carpet . 

2500 44 44 lime plaster 

1200 14 44 wood.. 

Total 


Sabines 
at 4.2 = 588 
at 0.06 = 96 

at 0.40 = 440 
at 0.05 = 125 
at 0.06 = 72 

= 1321 


It is necessary therefore that the walls and ceiling of the nave supply 
3140 — 1321 or 1819 sabines of absorption. This can be accomplished 
by treating all available wall and ceiling areas of the nave with an acous¬ 
tical plaster having a coefficient (at 512 cycles) of about 0.27 to 0.30, 
or by treating the ceiling and the upper part of the walls with a more 
absorptive material and the lower part of the walls with ordinary plaster. 
The characteristic of the absorptive material should be such as to give 
the room a balanced reverberation for all frequencies. This condition 
will be satisfactorily approximated if the absorptive material have a 
coefficient at 128 cycles equal to about 40 to 60 per cent of the coefficient 
at 512, and a coefficient for frequencies above 512 of not more than 20 to 
30 per cent in excess of the coefficient at 512. 

If the acoustical design of a small country church conform to the prin¬ 
ciples and recommendations set forth in this section the church should 
be entirely satisfactory for both speech and music. The speech articu¬ 
lation will be in excess of 80 per cent in all parts of the nave, and music 
will have the required reverberation to balance the separate tonal com¬ 
ponents and to sustain and blend the harmony. 

169. Village Churches. The acoustical problem of the church in the 
village, or small city, differs from that of the church in the country in 
two respects. The principal difference is in regard to the size and shape 

2 This is the value given in Table III for a long, narrow church. The value 
k = 0.05 would be sufficiently accurate for practical purposes. However, it is obvi¬ 
ous that the mean free path in a long narrow room will be somewhat shorter than the 
theoretical value 4 V/S f and therefore the value of 0.049 or even 0.048 would be ap¬ 
propriate for a church of the type here considered. 
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of the church. The acoustical problem becomes more important and 
more diffi cult, as the size of the auditorium increases and as its shape 
becomes more and more complex. The second point of difference is in 
regard to the insulation of outside noise. There are likely to be more 
traffic noises, or more disturbances from near-by industrial plants, in 
the village or small city than there are in the country; and wherever 
such noises abound, the walls and ceiling, including the doors and win¬ 
dows, of the church should provide sufficient insulation to shut out com¬ 
pletely these disturbances of the outside world. 

In plan, the village church will differ from the plan of the country 
church shown in Fig. 202 in two essentials: (1) both the length and the 
width will be increased; and (2) it is likely that transepts and a porch 
(or narthex) will be added to the nave. These extensions and additions 
do not affect the arrangement of the chancel, choir, sanctuary, or organ 
chamber, and the arrangement of these spaces shown in Fig. 202 for the 
country church should be followed as closely as possible in the village 
or small city church. The addit ion of transepts to the nave will alter 
the distribution of sound in the auditorium, will alter slightly the mean 
free path or average distance between reflections, and therefore will 
modify the reverberation constant k which must be used for calculating 
the reverberation time in the church. Thus, suppose the church is 
cruciform in plan, similar to the model described in Sec. 55. Then the 
value of k will be 0.053, instead of 0.049, which holds only for simple 
rectangular rooms. If the church does not approximate the shape of 
any of the models described in Sec. 55, it may be advisable to construct 
a small model and ascertain the value of k from an experimental deter¬ 
mination of the mean free path. Such a model also will be useful for 
investigating the possibility of echoes from ceiling or wall reflections. 

In general, it will be necessary to use a certain amount of absorptive 
material on the walls and ceilings of the nave and transepts to obtain 
the optimal condition of reverberation. The absorptive material should 
be distributed fairly uniformly in the nave and transepts so that there 
will be the same rate of growth and decay of sound in all directions and 
in all parts of the auditorium. This will be accomplished satisfactorily 
if the walls and ceilings of the transepts be treated with the same ma¬ 
terials — and in about the same proportion of areas — as the walls and 
nailing of the nave. As in the country church, the chancel and sanc¬ 
tuary should not be over-treated, with absorptive material. If as much 
as 50 per cent of the floor area of the chancel and sanctuary be covered 
with carpet, the walls and ceiling should be finished with materials hav¬ 
ing an absorptivity comparable with wood or lime plaster. If no carpet 
for these areas be contemplated, then a portion of the upper walls, or 
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the ceiling, should be treated with a suitable absorptive material, but 
in no case should the chancel and sanctuary contain large amounts of 
absorptive material. The calculations for the proper control of rever¬ 
beration will be similar to those outlined for the country church. In 
most cases, it will be found that many materials will be sufficiently ab¬ 
sorptive, if applied to areas which are suitable for treatment, to provide 
the optimal time of reverberation, and therefore the choice will be broad 
enough to make possible the selection of materials which will be in keep¬ 
ing with the requirements of permanence, simple elegance and the entire 
plan of the architectural treatment of the interior. From the stand¬ 
point of acoustics only, it generally will be preferable to apply absorptive 
material to the walls rather than the ceiling, as the treatment of the walls 
with absorptive material will prevent multiple reflections between paral¬ 
lel surfaces, and help to provide a more uniform rate of growth and decay 
of sound in the entire enclosure. 

The problem of sound-insulation can be worked out along the lines 
already discussed in connection with the country church. The addition 
of the porch or narthex to the nave provides a means of securing two sets 
of doors between the nave and outside, and provision should be made 
to keep both sets of doors — the ones between the nave and the porch, 
and the ones between the porch and outside — closed during services. 
The use of carpets on the aisles not only contributes to the amount of 
absorption required for the optimal condition of reverberation, but also 
reduces the noise of footfalls of those who leave or enter the church during 
services. 

With heavy, rigid walls and ceiling, with heavy and tightly fitting 
doors and windows, and with a proper amount and distribution of ab¬ 
sorptive material within the nave, transepts, and chancel, the village 
church of conventional size and shape will have ideal acoustics — speech 
will be heard satisfactorily in all parts of the auditorium; and music, 
both vocal and instrumental, will be free from distortion and from the 
disturbing effects of noise and excessive reverberation, and its quality 
will be enriched and sustained by the proper amounts of reverberation 
and resonance. 

In the modem church for the village or small city there may be, in 
addition to the church auditorium, a Sunday School assembly room, a 
social room, and smaller class rooms, all of which require proper acous¬ 
tical treatment. These rooms are not essentially different from the 
rooms to be found in school buildings, and their acoustical design should 
be worked out along the lines described in Chap. XIX. 

170. City Churches. The city church presents acoustical problems 
which are as varied as its architectural style and treatment, and there- 
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fore each structure should be studied as a new and particular problem 
in acoustics. There are, however, many aspects that are common to 
the acoustical design of all city churches, such as insulation of noise, 
control of reverberation, and the arrangement of chancel, choir, organ, 
pulpit, and lectern. These features have been discussed in the preced¬ 
ing sections of this chapter, and are at least as important in the design 
of city churches as they are in the design of country or village churches. 
The city church differs from the country or village church principally 
with regard to shape and size. It may be of the conventional Gothic 
type with high, vaulted nave, narrow aisles, fluted columns, long and 
narrow chancel and sanctuary, and adjacent transepts; it may be of 
octagonal or circular plan with a high and domed ceiling, with or with¬ 
out a balcony; or it may be of simple rectangular form, as wide as it is 
long, and with a relatively low ceiling. 

Since the city church is nearly always of large dimensions, the problem 
of supplying an adequate amount of sound energy to all auditors is likely 
to present a real difficulty. The pulpit and lectern should be well ele¬ 
vated and near the audience, and if possible there should be large and 
near-by reflecting surfaces either above or behind both the pulpit and the 
lectern. In extreme cases carefully designed sounding boards may be 
desirable. Although the sounding board may contribute only slightly 
to better hearing, the contribution, however small, is both necessary 
and worthy of the effort. 

The shape of each church design should be studied with regard to 
echoes, interfering reflections, sound foci, and the distribution of sound 
to all auditors. This often can be done satisfactorily by a study of 
pencil sketches with the ray or image methods, but in case the shape is 
complicated it can be best accomplished by studies in three-dimensional 
models, by the ripple tank method, the spark photography method, or 
by the optical method described in Sec. 55. Studies by the optical 
method will not only reveal outstanding defects of shape and suggest 
alterations which will overcome the defects, but will provide a means 
for determining the mean free path and thus the parameter k for the 
reverberation formula. 

The modern church in the city is much more than the traditional place 
of worship in which the formal services of the church are conducted. 
It is a religious and social centre which provides a Sunday School assem¬ 
bly room, social hall, dining room, class rooms, and rooms for many 
other activities. Good acoustical design in the modern city church re¬ 
quires that careful consideration be given to the treatment of all these 
rooms. In general, where the rooms are of conventional rectangular 
form with ceiling heights less than 30 feet, it is sufficient to treat the walls 
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Fig. 204. St. Joseph’s Episcopal Church, Detroit. Ceiling treated with Type B 
“Acousti-Celotex.” (Nettletcm and Weaver, Architects.) 
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or ceilings, or both walls and ceilings, of the several rooms with materials 
of suitable absorptivity, and to provide an adequate amount of insulation 
to prevent noise interference between adjacent or near-by rooms which 
are to be used at the same time. 

The nature of the acoustical problems which arise in city churches and 
practical methods which have proved satisfactory for solving these 
problems will be considered by outlining what has been done in four 
typical churches: a Protestant, a Roman Catholic, and a Christian 
Science church, and a Jewish synagogue. 

(a) The Protestant Church. St. Joseph’s Episcopal Church , Detroit. 
This church, designed by Nettleton and Weaver, is reputed to have 
excellent acoustics for both speech and music. An interior view is 
shown in Fig. 204. The church seats 700 persons and has a volume of 
approximately 200,000 cubic feet. The pulpit is well elevated and 
located near the audience, so that no special reflecting surfaces are needed 
to supply all listeners with an adequate amount of speech energy. No 
special measures were adopted for sound-insulation, but the finished 
church is free from disturbing outside noise. The shape and size of the 
auditorium did not present any difficulties from the standpoint of sound 
foci, echoes, or interfering reflections. It remained only to provide a 
suitable time of reverberation, and to use a type of absorptive material 
which would permit an elaborate decoration in the ceiling. Type B 
Acousti-Celotex afforded both the absorptive and decorative properties 
required for the ceiling treatment. A decorated ceiling bay is shown in 
Fig. 205. Calculations of the reverberation time in advance of construc¬ 
tion indicated that this material applied to the entire ceiling would 
reduce the period of reverberation in the empty auditorium to 2.6 sec¬ 
onds. Measurements in the finished auditorium revealed a reverbera¬ 
tion time of 2.4 seconds. With an audience of 500 the reverberation 
time is just over 1.5 seconds, and with an audience of 700 the reverbera¬ 
tion is just under 1.4 seconds. It will be seen that these times are in 
good agreement with'those specified as optimal in Fig. 203, and that 
the reverberation time does not vary greatly with the size of the 
audience. 

The church organist, Mr. William I. Green, acclaims the acoustics 
to be exceptionally good for music. Owing to the nearly uniform rever¬ 
beration, with or without an audience, the organist is able to produce 
the same acoustical effects in the empty auditorium as he is when an 
audience is present. This is an important advantage for organ players 
since it is not necessary to use one type of playing when rehearsing in 
the empty auditorium and another type when performing before an 
audience. 
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Fig. 205. Ceiling bay in St. Joseph’s Episcopal Church, Detroit, showing the heavy 
decoration applied to the acoustical treatment. 
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(6) The Roman Catholic Church. St. Vincent's Roman Catholic 
Church , Los Angeles. Although this church cannot be cited as one 
having ideal acoustics, it does have better than average acoustics; and 
it is of particular interest in connection with the acoustical problems in 
church design which we are considering in this chapter. The volume 
of the auditorium is 650,000 cubic feet and the seating capacity is about 
1500. At the time the church was originally designed by Albert C. 
Martin, architect, good acoustics was regarded as a problem of the proper 
control of reverberation. All smooth surfaces in the ceiling of the audi¬ 
torium, with the exception of the ceiling over the organ (about 6500 
square feet in all), were treated with a |-inch acoustical felt, and the 
entire walls of the sanctuary, nave, transepts, and aisles were finished 
with a carbide process travertine which, according to laboratory tests, 
had some, although slight, acoustical merit. 

The acoustical outcome was much better than in most Roman Cath¬ 
olic churches of comparable size in which no special acoustical materials 
had been used, but, as standards of good acoustics were elevated, it 
became apparent that the acoustics could be improved. Accordingly, 
when certain alterations and redecorations were undertaken in 1929, 
under the direction of Cram and Ferguson, and Samuel E. Lunden, archi¬ 
tects, it was decided to improve the acoustics of the main auditorium. 
Reverberation tests conducted in September, 1929, showed the following 
times of reverberation in the empty auditorium:' 

128 cycles . .... 4.72 seconds 

512 44 . 3.94 44 

2048 44 . 2.63 44 

These tests indicated that more absorptive material was needed in the 
church in order to reduce the reverberation to a suitable value. 

At the same time, speech articulation tests were conducted in the 
auditorium both with and without the aid of a public address system, 
which had been used at times in the church. Without the public address 
system, the P.A. (percentage articulation) was 52 per cent in the front 
pews and diminished to 26 per cent in the rear pews. With the help of 
the public address system hearing conditions were even worse, especially 
in the front part of the auditorium. The P.A. was about 27 per cent in 
all parts of the auditorium. 

Tests conducted at this time also indicated the necessity of increasing 
the insulation against outside noise — the noise in the church at times 
reached a level of 35 db. 

The ceiling treatment was replaced by a more absorptive acoustical 
tile, and additional acoustical tile was applied to the ceilings of all 
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aisles. Although it was realized at the time that this amount of absorp¬ 
tive material would not be sufficient to reduce the reverberation to the 
optimal time, it was deemed inadvisable to alter the architectural beauty 
of the walls or to carpet the floor or add cushions in the pews. The 
measured reverberation times in the empty auditorium after all altera¬ 
tions and decorations had been completed were as follows: 

128 cycles . ... .3.18 seconds 

512 “ . .. 2.85 “ 

2048 “ . 2.40 41 

With an average audience in the church the reverberation time at 512 
cycles is reduced to about 2.2 seconds, whereas the optimal time is slightly 
less than 2.0 seconds (see Fig. 203). 

Speech-articulation tests were conducted in the auditorium to ascer¬ 
tain the effectiveness of the acoustical treatment and also to determine 
the benefit derived from the use of an improved public address system 
which replaced the older one. The tests showed an average P.A. in 
the empty auditorium of 68 per cent, with the public address system 
operating at the normal level, and an average P.A. of 54 per cent with 
the public address system turned off. If these P.A.’s be compared with 
those obtained before the alterations were commenced it will be noted 
that the hearing conditions were very much improved. With a capacity 
audience in the auditorium, and with the public address system operating 
properly, the hearing is quite satisfactory in all parts'of the auditorium. 
Music is rendered without the aid of the public address system and is 
regarded as very good. 

There is still considerable noise inside the church from outside traffic. 
This noise could be reduced by installing another set of doors between 
the auditorium and the narthex, and by keeping all doors and windows 
closed during church services. 

(c) Christian Science Church. Thirteenth Church of Christ Scientist 
Hollywood , California. The plan of the auditorium in this church, 
designed by Allison and Allison, architects, is shown in Fig. 208, and an 
interior view is shown in Fig. 209. It is a church of moderate size 
(about 300,000 cubic feet), seating 1248 persons. The wall behind the 
readers' platform gives a good reenforcement to the readers , voices, and 
the relatively low ceiling provides a beneficial reflection to speech origi¬ 
nating at any seat in the auditorium. The platform is well elevated, 
as are also the rear seats in the auditorium, thus providing all auditors 
with good audition lines as well as good sight lines. 

All the usual precautions were taken to free the auditorium from dis¬ 
turbing noises. The church is located on a rather quiet side street where 
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Fig. 206, Interior view of Our Lady of Sorrows Church, South Orange, New Jersey, 
showing the location of the organ above the rear balcony, and the acoustical tile 
in the ceiling. 












Fig. 207. Interior of St. Vincent's Roman Catholic Church, Los Angeles, Cal¬ 
ifornia. 
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the noise level is rarely above 40 db. However, the insulation was made 
good enough to give quiet inside the auditorium even with an outside 
noise of 50 db. All doors and windows were of heavy, rugged construc¬ 
tion and were fitted carefully into their frames so that all threshold 
cracks were closed. The entire floor of the foyer was carpeted over a felt 
carpet lining. This helped to absorb outside noise before it reached the 



Fig. 208. Plan of Thirteenth Church of Christ, Scientist, Hollywood. (AUison and 
AUison, Architects.) 


main auditorium, and also prevented any possible noise from the foot¬ 
falls of late comers. 

The reverberation time was reduced to 1.5 seconds at 512 cycles for 
two thirds of capacity audience, and to 1.3 seconds with a capacity 
audience. This was accomplished by (1) treating the upper walls of 
the auditorium with an acoustical plaster having a coefficient of 0.18 at 
512 cycles (the lower walls were left in hard plaster to give helpful reflec¬ 
tions and to prevent possible rubbing or dusting off of the acoustical 
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plaster), (2) covering the entire floor with carpet strips over J-inch felt 
lining, and (3) installing upholstered seats throughout the auditorium. 

Speech-articulation tests conducted in the finished auditorium re¬ 
vealed that the acoustical properties were very satisfactory. The articu¬ 
lation was 85 per cent in the front and 82 per cent in the rear part of the 
auditorium. A speaker at any position in the seated area could be heard 
very well in all other parts of the auditorium. 

(d) Jewish Synagogue. B'Nai B’Rith Temple , Los Angeles . The 
recently completed B’Nai B’Rith Temple, in Los Angeles, A. M. Edel- 



Fig. 209. Interior view of auditorium in the Thirteenth Church of Christ, Scientist, 
Hollywood, California. 

man, architect, and Allison and Allison, consulting architects, furnishes 
a good example of acoustical designing both in advance of tod during 
construction. The architect and the consultant on acoustics worked in 
close cooperation from the beginning of the rough sketches for the 
Temple, in 1925, until the building was completely furnished, in 1929. 
The general design of the Temple called for an octagon in plan and a high, 
domed ceiling. The required height of the dome and ceiling to give good 
proportions in design made it necessary to sacrifice the benefit of ceiling 
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reflections, except for a portion of the groined ceiling above the choir 
loft. During the early stages of the design, acoustical studies were made 
by means of small sectional models and the ripple tank. (See Sec. 29.) 
These studies indicated the presence of two troublesome reflections: 
(1) from the ceiling surface above the choir loft, and (2) from the rear 
half of the dome. The first reflection was converted into a beneficial 
one by elevating slightly the choir loft. The second reflection, which 
would have produced a distinct echo in the front central part of the 
main floor, was overcome by penetrating the soffit of the dome with 
deep coffers —12 to 16 inches deep — and treating the panels of the 
coffers with highly absorptive tile. 

Fig. 210 shows an outline of the plan of the adopted design for the 
main auditorium, alid Figs. 211 and 212 show respectively an interior 



Fig. 210. Plan of the B’Nai B’Rith Temple, Los Angeles. (A. M. Edelman , Archi¬ 
tect; Allison and Allison,'Consulting Architects.) 

and an exterior view of the completed Temple. The auditorium is 100 
feet wide, 100 feet deep, and the ceiling height to the soffit of the dome is 
slightly over 100 feet. It will be seen that the shape, in plan, is based 
upon correct acoustical principles. The audience is located near the 
speakers' platform, and receives advantageous reflections from wood 
paneling directly behind the platform and from the diverging side walls 
(also of wood paneling up to a height of about 16 feet from the floor). 

The platform is elevated 4 feet above the main floor, and the rear seats 
are elevated sufficiently to allow all auditors on the main floor an abun- 
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Flo. 211. Interior view of B’Nai BTiith Temple. 
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dant supply of direct and once-reflected sound. (See elevations marked 
on Fig. 210.) The choir loft is elevated 14 feet, 6 inches above the 
speakers , platform, has a wood floor, and is backed by wood paneling. 
The organ is located above and behind the choir loft, and speaks directly 
into the main part of the auditorium. 

The Temple is located on a busy thoroughfare (Wilshire Boulevard), 
where the average noise level is 50 to 55 db, but it is adequately insulated 



Fig. 212. Exterior view of B’Nai B’Rith Temple. 


against this outside noise. The walls are of heavy reenforced concrete; 
there are two sets of heavy and tightly fitting doors between the outside 
and the inner auditorium; there is an additional wall between the audito¬ 
rium an d the surrounding corridor; the corridor and the vestibule are 
treated with absorptive material; and the windows are of heavy, leaded 
glass, are permanently closed, and the ratio of the window area to the 
total wall area is low, so that the amount of noise transmitted through the 
windows is relatively small. Owing to the large amount of absorptive 
material in the auditorium, the residual noise is reduced to a level which 
can be readily tolerated. In fact, the noise reduction provided by the 
combined effects of insulation and absorption amounts to slightly more 
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than 40 db, so that the residual noise from the outside does not exceed 
15 db, which is no greater than the unavoidable noise of a quiet audience. 
The ventilating equipment room is well removed and insulated from the 
auditorium. The fans and motors are of the slow-speed type, so that 
the noise reaching the auditorium from this source is negligible. 

The remaining and most important part of the acoustical design con¬ 
sisted of securing for the large auditorium (800,000 cubic feet) the proper 
condition of reverberation. The initially planned times of reverbera¬ 
tion (at 512 cycles) were as follows: 

No audience present 2.20 seconds 

600 persons “ 2.01 “ 

1200 “ “ 1.85 

1800 “ “ 1.75 “ 

In order to secure these rather low times of reverberation it was neces¬ 
sary to use large areas of highly absorptive materials for nearly the en¬ 
tire inner boundaries of the auditorium. In fact, all surfaces except 
the wood wainscot and the frescoed frieze above the wainscot are acous¬ 
tical materials. The panels in the coffers of the dome are a highly 
absorptive acoustical tile (0.30 at 128 cycles and 0.65 at 512 cycles); 
the ribs of the coffered dome are of cast acoustical plaster; the walls 
above the frescoed frieze are of acoustical plaster (0.12 at 128 cycles and 
0.19 at 512 cycles); the walls of the aisle are of acoustical tile; the main 
and balcony floors are completely carpeted over “ ozite and all pews 
are made up of heavily upholstered chairs with both backs and seats 
padded and covered with porous fabric. 

Unusual care was exercised in the selection of the acoustical plaster. 
Nine small Sunday School rooms were plastered with nine different types 
of acoustical plaster, and absorptive tests were conducted in all rooms in 
order to determine the absorptivity of the different plasters at frequen¬ 
cies of 128, 512, and 2048. The final selection of the acoustical plaster 
was based upon the results of these tests and upon the other physical 
properties of the plasters, such as tensile strength, texture, color, and 
ease of maintenance. After the selection was made, the plastering 
contractor was required to duplicate the approved plaster in the test 
room, with respect to thickness, texture, color, and porosity. Porosity 
tests with the apparatus described in Sec. 72 were made during the appli¬ 
cation of the plaster. 

After the auditorium was plastered, but before it was furnished with 
carpet and upholstered seats, absorptive tests were conducted in the 
auditorium to determine the grade and amount of carpet required to 
give the optimal condition of reverberation. The times of reverbera¬ 
tion in the unfurnished auditorium were as follows: 
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128 cycles . . 4.08 seconds 

512 11 . 3.39 44 

2048 44 2.62 “ 


These tests indicated that in order to secure the optimal condition of 
reverberation 3 it would be necessary to carpet all aisles on the main floor 
and in the balcony with a heavy grade of carpet strips over f-inch 
“ozite”; to carpet the remainder of the floor space, both on the main 
floor and in the balcony, with carpet strips over ^-inch “ ozite and 
to use heavily upholstered chairs throughout the auditorium. The re¬ 
sulting times of reverberation in the completely furnished auditorium 
were as follows: 


No audience present 
600 persons “ 
1200 “ 

1800 “ 


128 cycles 
3 20 seconds 
3 04 
2 90 
2 78 


512 cycles 
2 03 seconds 
1 90 
1 77 

1 67 41 


2048 cycles 
1 75 seconds 
1 64 
1 53 

1 43 44 


Although these times of reverberation are slightly shorter than those 
originally planned, they provide highly satisfactory conditions for either 
small or capacity audiences and for either the spoken or, musical service. 
Speech-articulation tests in the finished auditorium gave a speech articu¬ 
lation varying from 88 per cent in the front part of the main floor to 77 
per cent in the rear of the balcony. These findings are confirmed 
qualitatively by reports from members of the congregation who state 
that they can hear very well in all parts of the auditorium. In fact, the 
hearing of speech in this auditorium is better than would be anticipated 
on the basis of Eq. (60) and the theory presented in Chap. XVII. The 
reason for this is probably attributable to the seating arrangement, which 
places all seats relatively near the pulpit, and to the beneficial reflections 
from the wall directly behind the speaker and from the diverging walls 
on both sides of the speaker. 

The auditorium is not only acclaimed for its good acoustics as a speech 
room, but is likewise acclaimed as a good music room. Both choral and 
organ music arc heard to good advantage in all parts of the auditorium. 

The Assembly Room, volume 113,000 cubic feet, has its walls and ceil¬ 
ing treated with the same type of acoustical plaster as was used in the 
main auditorium. The resulting reverberation time with two thirds of 
capacity audience is 1.30 seconds. The acoustics are very satisfactory 
for both speech and music. In like manner, the Banquet Room and 
all the larger Sunday School rooms are treated with acoustical plaster. 

* At the time these tests were made it was decided to provide slightly shorter times 
of reverberation than had been initially planned two years earlier. 
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171. The Cathedral. Since, as was shown in the preceding section, 
the city church presents acoustical problems which must be considered 
individually, it is apparent that it is impossible to set forth specific 
recommendations for dealing with the acoustical problems in the cathe¬ 
dral. It is equally apparent, however, that the same general principles 
that determine good acoustics in smaller churches must apply to the 
cathedral. But the cathedral, more than all other church buildings, 



Fig. 213. Interior view of Rodeph Sholom Synagogue, Philadelphia. (Simon and 
Simon , Architects.) The entire ceiling above the spring line is treated with Johns- 
Manville “Nashkote,” Type “C.” White-faced “Akoustikos Felt” was used, 
The surface was sized and decorated. 

is a transcendental work of art, and as such, beauty to the eye and to 
the soul should not be sacrificed to obtain excellence in acoustics. 

The acoustical problem of the cathedral, in its relation to form and 
structure, should be appreciated first of all by the architect. He will 
then create forms which are intrinsically compatible with good acous¬ 
tics. He will avoid domed or cylindrical ceilings with smooth, hard 
surfaces and centres of curvature near the audience; he will think of the 
organ chamber as a part of a great musical instrument instead of an 
appendix which is to be relegated to a space which is determined prin- 
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cipally by convenience; he will choose building materials for the outer 
walls and ceiling, and will design doors and windows, that will exclude 
all outside noise from the inner shrine of worship; he will select materials 
for the interior walls of the chancel and sanctuary which will preserve 
the reverberation and resonance required for music; and he will choose 
materials for all other interior surfaces which will control the reverbera¬ 
tion so that both speech and music will possess the highest degree of 
intelligibility and beauty in all parts of the nave, transepts, and aisles. 
If the architect appreciates these aspects of the acoustical problem in 
church design, he will not make such mistakes as were committed in the 
design of St. Paul’s in London, St. Peter’s in Rome, or the cathedral 
in Esztergom (near Budapest), not to mention equally flagrant errors 
in our own country and in all other parts of the world. On the contrary, 
he will recognize at the beginning the essentials of good acoustical design, 
and he probably will have his initial and subsequent drawings studied 
and criticized by a competent consultant on acoustics. With the proper 
understanding of acoustics, the architect will not submit to the acoustical 
consultant an impossible design, but will have created a design which, 
with slight alterations and proper choice and location of materials, will 
be not only a triumphant work of beauty, as judged by the eye, but also 
a musical instrument which will impart to speech and music a quality 
that will elevate the soul of the worshiper to the noblest yearnings. 

Two practical considerations should never be overlooked in planning 
the acoustics of cathedrals: (1) Owing to the great height of the ceiling 
and the tall parallel walls of the cathedral, it is wholly inadequate to 
install acoustical treatment only in the ceiling, because the multiple 
reflections between the parallel walls will produce an excessive two- 
dimensional reverberation. The walls as well as the ceiling should be 
treated with absorptive material. (2) Owing to the enormous size of 
a cathedral, it is essential to provide artificial means, as a public address 
system, for amplifying the spoken service. The average speaker cannot 
possibly supply sufficient, speech energy for satisfactory hearing in a large 
cathedral unless the speech has been suitably amplified. Provision 
should be made during the construction of the cathedral to house the 
amplifying equipment in a separate room, to mount the sound projectors 
in appropriate and concealed positions, and to install all necessary con¬ 
duits for the equipment. 
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172. Historical Development of Classical Open-Air Theatres. In 

Chap. I a brief outline was given of the development of the classical 
open-air theatre of the Greeks and Romans. In the present chapter 

there will be given a somewhat 
more detailed account of those 
features which should be con¬ 
sidered in working out the 
acoustical design of Greek, 
Roman, or more modern types 
of open-aii theatre. As the 
name implies, the theatre 
(derived from the Greek word 
Qtarpov, “ a place for seeing ”) 
was initially a place for seeing 
rather than a place for hear- 
Fia. 214. Early form of Greek theatre show- i ng . The first theatre was 
ing circular orchestra which served as the Uttle more than a marked-OUt 
stage or arena, and circular banks of benches, . . , „ . 

which later became the aiulitorium. P laCe ln a hoUow at the bottom 

of a hillside. The spectators 

stood on the hillside and watched the action — usually dancing — which 
took place on the cleared space or stage. Later this marked-out space 
developed into a circular orchestra, with circular banks of benches ex¬ 
tending about two thirds of the way around the orchestra (see Fig. 
214). A skene or platform was later added behind the orchestra, as 
shown in Fig. 215, but the skene was originally a place for utility, 
rest, and recreation of the actors — and all action occurred on the cir¬ 
cular orchestra. The skene developed into the logeion , which was grad¬ 
ually deepened and elevated to form the type of stage developed in the 
Roman theatre, as shown in Fig. 216. The Roman theatre was not 
located in a hollow on the hillside, but was usually on a level plain out¬ 
side the city, and was erected as a single unit — the auditorium , in 
the form of semicircular banks of benches, connecting directly to the 
stage structure. The orchestra was reduced to a semicircle, or less, and 
became a part of the auditorium . The skene became a large platform or 
stage, well elevated, and enclosed by side and rear reflecting walls, 
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shown at a and b. These walls were permanently ornamented with all 
manner of relief work, and were pierced with five large doorways, three 
in the rear and one on each 
side. The reflecting walls and 
the elevated seats contributed 
markedly to the acoustical 
merit of the theatre which was 
rapidly developing into an art 
of sound as well as an art of 
scene. 

One of the best existing ac¬ 
counts on the subject of Greek 
and Roman theatres is to be 
found in “ The Ten Books on 
Architecture ” by Vitruvius 
(translated by M. H. Morgan). Fig. 215. Early form of Greek theatre showing 
The following selected quota- a separate skene erected behind the orchestra. 

tions from Vitruvius are in¬ 
structive, not only in describing the practice of the ancient architects 
in regard to the acoustical design of Greek and Roman theatres, but 

also in giving useful advice in the 




Fig. 216. Plan of early Roman theatre 
showing hgeion and semicircular or¬ 
chestra. 


design of modern open-air theatres. 

“ Particular pains must also be 
taken that the site be not a * deaf 1 
one, but one through which the 
voice can range with the greatest 
clearness. This can be brought 
about if a site is selected where 
there is no obstruction due to 
echo. 

“ Voice is a flowing breath of 
air, perceptible to the hearing by 
contact. It moves in an endless 
number of circular rounds, like the 
innumerably increasing circular 


waves which appear when a stone 


is thrown into smooth water, and which keep on spreading indefinitely 


from the centre unless interrupted by narrow limits, or by some obstruc¬ 


tion which prevents such waves from reaching their end in due forma¬ 
tion. When they are interrupted by obstructions, the first waves, flow¬ 
ing back, break up the formation of those which follow. 

“ In the same manner the voice executes its movements in concentric 
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circles; but while in the case of water the circles move horizontally on a 
plane surface, the voice not only proceeds horizontally, but also ascends 
vertically by regular stages. Therefore, as in the case of the waves 
formed in the water, so it is in the case of the voice: the first wave, when 
there is no obstruction to interrupt it, does not break up the second or 
the following waves, but they all reach the ears of the lowest and highest 
spectators without an echo. 

“ Hence the ancient architects, following in the footsteps of nature, 
perfected the ascending rows of seats in theatres from their investiga¬ 
tions of the ascending voice, and, by means of the canonical theory of 
the mathematicians and that of the musicians, endeavoured to make 
every voice uttered on the stage come with greater clearness and sweet¬ 
ness to the ears of the audience. For just as musical instruments are 
brought to perfection of clearness in the sound of their strings by means 
of bronze plates or horn ijxcuz, so the ancients devised methods of in¬ 
creasing the power of the voice in theatres through the application of 
harmonics.” 

It is evident therefore that the ancient Greeks recognized that the 
power of the average voice was inadequate for distinct hearing in all 
parts of their theatres, some of which were large anough to accommodate 
an audience of 20,000 persons. According to Vitruvius and other author¬ 
ities, attempts were made to increase the power of the voice by means of 
the application of harmonics. The word harmonics , as here used, prob¬ 
ably has about the same meaning as our word resonance. This property 
of resonance was accomplished, we are informed in the writings of Aris- 
toxenus, by distributing a large number of bronze vessels, fashioned 
into resonators, in regularly spaced niches throughout the theatre. 
In the larger theatres there were three horizontal ranges of resonators 
at equally spaced vertical levels, with twelve resonators in each horizon¬ 
tal range. All these resonators were carefully tuned to respond to the 
various notes of musical systems, and thereby would emphasize the more 
important frequency components of speech and music, and would par¬ 
ticularly emphasize those notes in music which correspond to the har¬ 
monic scales. Thus, one range of the resonators was tuned for the 
enharmonic, another for the chromatic, and a third for the diatonic 
system — the three principal classes or modes used by the Greeks. Of 
these three modes Vitruvius gives the following description: “ The en¬ 
harmonic mode is an artistic conception, and therefore execution in it 
has a specially severe dignity and distinction. The chromatic, with 
its delicate subtlety and with the 1 crowding ' of its notes, gives a sweeter 
kind of pleasure. In the diatonic, the distance between the intervals 
is easier to understand, because it is natural.” It is not improbable that 
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these resonators (if they actually existed, since their authenticity has 
been questioned by some authorities) would contribute some value to 
speech and music, by emphasizing those particular frequency components 
which are harmonious in music and which contribute most to the intel¬ 
ligibility of speech. For example, in England and Germany, consider¬ 
able attention is now being given to the matter of resonance in audito¬ 
riums. However, the actual merit of tuned resonators, such as were 
used by the Greeks for enhancing the loudness and pleasing qualities 



Fig. 217. Set of masks used in early Greek theatres. The mouths were often fash¬ 
ioned into megaphones. Note especially the masks for the old man and the servant. 
(. NicoU .) 


of speech and music, is rather difficult to assess. But the use of these 
resonators in the classical open-air theatres suggests certain possibilities 
of improving the acoustical quality of music rooms, and it will be seen in 
the chapter on music buildings that large resonant areas of wood paneling 
or plaster on lath are to be found in concert halls of the highest repute. 

There is one other practice of the Greeks which clearly indicates that 
they recognized the inadequacy of the loudness of the average speaker’s 
voice; namely, the use of very large masks by the actors on the stage. 
(See Fig. 217.) These masks not only exaggerated the facial expressions 
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so that they could be seen from the most remote seats, but they were 
shaped in such a way as would enhance the loudness of the voice by 
reason of their action as a megaphone. 

One other quotation from Vitruvius is of interest in connection with 
the selection of the site for an open-air theatre, and it also indicates that 
the early Greeks and Romans appreciated many of the problems which 
arise in the acoustical design of theatres. 

“ All this having been settled with the greatest pains and skill, we must 
see to it, with still greater care, that a site has been selected where the 
voice has a gentle fall, and is not driven back with a recoil so as to convey 
an indistinct meaning to the ear. There are some places which from 
their very nature interfere with the course of the voice, as for instance 
the dissonant, which are termed in Greek Karrjxovpres; the circumsonant, 
which with them are named TrepLrjxovures ; again the resonant, which are 
termed avrrixovvTes ; and the consonant, which they call avvrjxovvres . 
The dissonant are those places in which the first sound uttered that is 
carried up high, strikes against solid bodies above, and, being driven 
back, checks as it sinks to the bottom the rise of the succeeding sound. 

“ The circumsonant are those in which the voice spreads all round, 
and then is forced into the middle, where it dissolves, the case-endings 
are not heard, and it dies away there in sounds of indistinct meaning. 
The resonant are those in which it comes into contact with some solid 
substance and recoils, thus producing an echo, and making the termina¬ 
tions of cases sound double. The consonant are those in which it is sup¬ 
ported from below, increases as it goes up, and reaches the ears in words 
which are distinct and clear in tone. Hence, if there has been careful 
attention in the selection of the site, the effect of the voice will, through 
this precaution, be perfectly suited to the purposes of a theatre.” 

W. C. Sabine, in his paper on Theatre Acoustics, 1 observes that this 
quotation from Vitruvius is an “ admirable analysis of the problem of 
theatre acoustics. But to adapt it to modern nomenclature, we must 
substitute for the word dissonance , interference; for the word circumr 
sonance , reverberation; for the word resonance , echo.” The word con¬ 
sonance, as used by Vitruvius, signifies that the reflected sound unites 
with the direct sound with so little delay that there is no overlapping 
or confusing, but on the other hand there is, as Vitruvius describes it, 
a strengthening and supporting of the voice, so that the words which 
reach the ear are clear and distinct. 

The classical open-air theatre of the Greeks and Romans was based 
upon a number of fundamental facts concerning the behavior of sound in 
the open, as is evidenced in the writings of Vitruvius and in the existing 

1 “ Collected Papers on Acoustics,” 163. 
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ruins which can be found throughout southwestern Europe, but they 
were designed without the experimental knowledge of atmospheric 
acoustics and the nature of hearing which we possess today. The design 
of open-air theatres therefore should not only preserve and perpetuate 
those features of Greek and Roman design which have proved to be 
good, but also should be based upon our newer knowledge of acoustics. 
Accordingly, before considering the design of present-day open-air 
theatres, it will be helpful to consider a number of recent developments 
which have a pertinent bearing upon the acoustics of open-air theatres, 
such as atmospheric acoustics, hearing in the open, energy distribution 
in an open-air theatre having a stage with different types of reflecting 
walls and ceiling, and speech-articulation tests in a large, open-air 
theatre. 

173. Atmospheric Acoustics. Certain facts in connection with the 
propagation of sound in the free atmosphere should be known in order 
to appreciate fully the nature of hearing in the open. In the chapter 
on elementary physical acoustics (Chap. II), it was shown that the speed 
of sound in still air, at a given temperature, is constant, and equal to 
about 1125 feet per second. If, however, the air be in motion, or if the 
temperature change, the speed of sound will be altered. Thus, the 
speed of sound in the direction of the wind is equal to the speed of the 
wind plus the speed of sound in still air. In like manner, the speed of 
sound against the wind is equal to the difference between the speed of 
sound in still air and the speed of the wind. In all cases of the propaga¬ 
tion of sound in moving air, the vector velocity of the sound, with respect 
to an object at rest on the earth, is equal to the vector sum of the velocity 
of the sound in still air and the velocity of t he wi nd. Also, since the 
velocity of sound in still air is given by c = VyP/p (Sec. 10), the speed 
of sound will be inversely proportional to the square root of the density 
of the air, and therefore directly proportional to the square root of the 
absolute temperature of the air. 

It is to be expected'therefore that both the motion of the air and 
changes of temperature in the air may have an influence upon the propa¬ 
gation of sound in the open and hence upon the acoustics of an open-air 
theatre. Indeed, many of the peculiarities of open-air acoustics can 
be explained by means of these two properties, as will be apparent from 
the following: 

(a) Effect of Wind upon the Propagation of Sound . Suppose the wind 
is blowing past a source of sound o, as shown in Fig. 218. Then, since 
the speed of the wind is slowest at the surface of the earth and increases 
at higher elevations above the earth, the normal to the wave front of the 
sound that travels with the wind will be bent more and more toward 
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the earth, whereas the normal to the wave front of the sound that travels 
against the wind will be bent more and more away from the earth. 
Consequently the upper portions of the sound waves which travel with 

the wind will be de- 



Wind 

Direction 



Fiq. 218. Propagation of sound from a source o with 
the wind blowing from left to right. 


fleeted downward and 
will contribute to the 
flow of sound energy 
near the level plain, 
thus intensifying the 
sound near the earth 


and making possible the propagation of sound to greater distances in 
the direction of the wind. On the other hand, the upper portions of 
waves which travel against the wind are relatively retarded so that they 
are directed away from the level plain, thus making impossible the prop¬ 
agation of sound to great distances in 
the direction against the wind. 

The manner in which a wind affects 
the intensity of sound propagated in 
different directions is shown in Fig. 

219. 2 The source of sound, located at 
o and directed as shown by the short 
arrow, consisted of a 512-cycle tone 
generated by a loud speaker with a 
short horn. The radius vector from 
o to the curve represents the ampli¬ 
tude of the sound wave in that di¬ 
rection at a fixed distance from the 
source. The wind in this test, con¬ 
ducted by Schindelin, is thus seen to 
have a marked effect upon the inten¬ 
sity distribution of sound — the am¬ 
plitude of the sound wave in the di¬ 
rection of the wind, at a given distance 
from the source, amounting to at least 
four times the corresponding ampli¬ 
tude in the direction against the wind. 

Under these circumstances, it is to be 
expected that sounds will carry to 
much greater distances in the direction of the wind than they will 
against the wind, a fact which is commonly known and which can be 
readily verified. Hence , in selecting a site for an open-air theatre where 
2 W. Schindelin, Ann. der Phys., 5 , Folge 2, 129 (1929). 



Fia. 219. Effect of wind on the in¬ 
tensity of sound propagated in dif¬ 
ferent directions. The short arrow 
gives the direction the loud speaker 
was facing, and the long prrow gives 
the direction of the wind. (Schindr 
elin.) 
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there are 'prevailing wind directions , preference should be given to those 
sites where the wind will blow in the direction from the stage to the au¬ 
dience. 

(b) Effect of Temperature Differences in the Air upon the Propagation 
of Sound. In the presence of a wind it was seen that the best condition 
for sound propagation was one where the upper portion of the waves 
traveled faster than the lower portion, thus bending the wave front 
downward and augmenting the flow of energy along the earth's surface. 
This condition may be favored by the vertical temperature gradient of 
the air. Thus, the speed of the upper portion of sound waves may be 
increased or decreased relative to the lower portion as a result of temper¬ 
ature differences in the lower and upper portions of the earth's atmos¬ 
phere. Suppose that the temperature of the air decreases with the alti¬ 
tude above the earth's surface, as it most commonly does. Then the 
upper portions of sound waves originating at a source such as o in Fig. 
218 will be retarded relatively to the lower portions, and consequently 
the wave front will be bent upward, as is shown in the left half of Fig. 
218. On the other hand, suppose that the temperature increases with 
the altitude, as it may at times, especially over a smooth frozen lake. 
Then the upper waves travel faster than the lower ones do, and conse¬ 
quently the wave front will be bent downward, as is shown in the right 
half of Fig. 218. Under certain conditions of increasing temperature 
with altitude, an appreciable portion of the sound originating at a point 
source will be totally reflected by the upper and warmer layers of air. 
Under such circumstances there will be repeated reflections between the 
earth and the upper layers of air so that the sound confined between the 
earth and the reflecting layers of air spreads out circularly in sort of 
toroidal zone, and therefore the intensity dies away only as the inverse 
distance instead of the inverse square of the distance as is usual for a 
spherical wave in free space. These conditions often are approximated 
when it is possible on a quiet day to hear and understand ordinary con¬ 
versation over a frozen lake at a distance of a half mile or even more. 

If an open-air theatre be located where the temperature decreases with 
a rise in altitude, as is most usually the case, the slope of the seating 
area should rise slightly more than would be required in a homogeneous 
air or in a region where the temperature of the air increases with altitude. 
If the slope of the seated area rises more rapidly than do the advancing 
wave fronts, then all auditors in the theatre will be well elevated into 
the main current of sound energy and thus receive a relatively large 
amount of the sound energy coming from the stage. 

Suppose, for the purpose of illustration, that the air 50 feet above the 
ground is 6° C. cooler than the air at the surface of the ground. Then, 
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to a close approximation, we may think of the refraction all occurring 
at a single boundary 50 feet above the ground. The direction of the 
refracted rays can be calculated from the law of sines, namely 

f - = n (sec Eq. [9]), 
sin z r v 1 w ’ 

where i is the angle of incidence, r the angle of refraction, and p the ratio 
of the velocities of sound in the warmer and in the cooler air. For a 
temperature difference of 6° C., p will be approximately 1.01; and con¬ 
sequently when i = 45°, r = 44.5°; when i = 30°, r = 29.6°; when i = 
15°, r = 14.8°; and when i — 5°, r — 4.95°. The effect of refraction 
in this case (which is perhaps an extreme instance, since the temperature, 
on the average, decreases only about 1° C. for a rise in elevation of about 
600 feet) is seen to be rather small, but when such an effect of refraction 
is combined with the effect of a wind velocity of, say, 10 to 15 miles an 
hour in the direction from the audience to the stage, the combined result 
may be sufficient to cause the sound waves to bend up as much as 4 or 5° 
before the waves have reached the rear portion of the seated area. Thus , 
it would seem desirable, at least from the standpoint of possible atmospheric 
effects , to grade the seating area of an open-air theatre so that the slope is at least 
8° above the horizontal; that is, the grade should be at least 9 or 10 per cent. 

(c) Effects of Clouds and Fogs upon the Propagation of Sound. In most 
cases when a sound wave strikes a cloud or a fog bank, most of the sound 
energy is refracted (with a very small change of direction) into the cloud 
or fog, and only a small portion of the sound energy is reflected. 3 If, 
however, the sound wave strikes the cloud or fog bank at nearly grazing 
incidence (angles between about 85 and 90°) the sound wave may be 
totally reflected, in which case the direction of propagation of the sound 
wave may be appreciably altered. It is not often, however, that such 
reflections become a factor in the acoustics of open-air theatres. A nota¬ 
ble exception recently was observed at one of the Easter sunrise services 
in the Hollywood Bowl (near Los Angeles, California). A low-hanging 
fog bank to the east of the Bowl gave rise to a peculiar and very distinct 
echo that was delayed at least 2 seconds behind the direct sound. The 
echo was returned nearly on the stage and was very annoying to both 
singers and speakers. As the fog bank lifted the echo disappeared. 

174. Loudness of Speech in the Open Air. The loudness of sound 
required for satisfactory hearing is the limiting factor in determining the 
shape and size of open-air theatres. It will be helpful therefore to deter¬ 
mine how the normal loudness of unamplified speech will affect the limit 

* Since the changes in density and elasticity are very small — only about 1 per cent. 
See Eq. (5). 
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in size of an open-air theatre. In one of the earliest of existing books on 
“ Acoustics of Public Buildings/’ by T. Roger Smith (1861), it is recorded 
that the voice of a person reading aloud can be heard and understood to 
distances of 90 feet in front of the speaker, 75 feet to each side of the 
speaker, and 30 feet behind the speaker. Davis and Kaye 4 believe 
that these distances are somewhat excessive for voices of moderate 
strength, and seem to agree with the judgment of Christopher Wren, 
who adopts the following standard in the design of church buildings: 

“ A moderate voice may be heard 50 feet in front of the speaker, 30 feet 
on each side, and 20 feet behind the pulpit, and not this unless the pro¬ 
nunciation be distinct.” Quite different is the opinion of Sturmhoefel, 
who claims according to his tests that 5 it is possible to understand speech 
in a quiet open field at a distance of 30 meters (98.5 feet) in front of the 
speaker, 20 meters (66 feet) to the side of the speaker, and 10 meters 
(33 feet) behind the speaker. 

It is instructive in connection with the determining of the distance at 
which speech can be heard in the open to make a few simple calculations 
based upon the amount of speech energy generated by the average 
speaker in the open, and upon the propagation of this sound energy with 
different types of reflecting surfaces located around the speaker. Meas¬ 
urements of the power output of the average speaker in large auditoriums 
indicate that the probable power output of a speaker in the open air 
would be of the order of 100 microwatts. 

Suppose therefore that a speaker generating an average speech power 
of 100 microwatts has a plane reflecting surface directly behind him. 
Most of the sound energy generated under the supposed conditions will 
be confined to a quarter of a sphere bounded by the vertical wall and the 
horizontal seating area. It is required to determine the distance away 
from the speaker at which he can be heard satisfactorily, that is, the dis¬ 
tance at which the intensity will have diminished to the level required 
for a speech articulation of 75 per cent. If reference be made to the 
curve shown in Fig. 170 it will be seen that the level of the speech should 
be about 47 db in order to give an articulation of 75 per cent. 5 ® An aver¬ 
age power flux of speech energy equal to about 4 X 10 -6 microwatt per 
square centimeter will give a sound level of 47 db. If now it be assumed 
that the 100 microwatts generated by the average speaker spread out in 
a quarter of a sphere in accordance with the inverse square law, the area 
of the curved boundary of this quarter sphere, when the level of the 

100 

speech has been attenuated to 47 db, will be 4 ^ = 25 X 10 6 square 

4 Davis and Kaye, “ Acoustics of Buildings ” (Bell, 1927). 

6 E. Petzold, “ Elementare Raumakustik,” 23 (Bauwelt-Verlag, Berlin, 1927). 

Bo This is based on the assumption that the background noise produces a maskingeffect 
of 10 db, so that a speech level of 47 db would be only 37 db above the background noise. 
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centimeters. Since the area of a quarter sphere is equal to wr 2 , where r is 
the radius of the sphere, r turns out to be 28.2 meters, or about 92 feet. 
Because of the directive action of the voice, which favors a greater in¬ 
tensity directly in front of the speaker, it would seem, on the basis of 
these calculations, that about 110 feet in front of the speaker and about 
70 feet to either side of the speaker would be the upper limits of distance 
at which speech can be heard distinctly in an open-air theatre when 
there is a vertical wall behind the speaker. 

Now suppose that a speaker in the open be located on a stage which is 
enclosed by a rear vertical wall, two diverging side walls and a sloping 
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Fig. 220. Distribution of average speech level in front of a stage enclosed by a rear 
wall, diverging side walls and a sloping ceiling. 

ceiling, as shown in Fig. 220. The intensity at any position in the seated 
area can be approximately calculated by assuming that the sound energy 
spreads out from the source and from the images of the source, such as 
Ji, h, and 7s, in accordance with the inverse square law, and that the 
intensity at any point is the sum of the intensities radiated by the source 
and all the effective images. In general there will be the three images 
from the rear and side walls, the image from the floor, and two images 
from the ceiling — one, the ceiling image of the source, and the other, 
the ceiling image of the floor image of the source. The intensities shown 
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at the nine indicated positions on the diagram in Fig. 220 have been 
converted into decibels. It is assumed that the speaker delivers a speech 
power of 100 microwatts and that the reflection coefficients of the bound¬ 
aries of the stage are 0.96. The distance from the speaker at which the 
sound level drops off to 47 db is seen to be about 100 feet along the longi¬ 
tudinal axis, and somewhat less than this in other directions. If the 
directional effect of the speaker be considered, the intensity would be a 
little greater along the axis than is indicated, and it would drop off 
more rapidly away from the axis than is indicated. Making a reason¬ 
able adjustment for this directional effect, and for this type of stage, 
about 120 feet would seem to be the greatest distance in front of the 
stage at which the hearing of speech would be satisfactory. 

The different data which have been presented in this section on the 
distances at which speech can be heard satisfactorily in the open are not 
in very good agreement, but when it is considered that a small differ¬ 
ence in the average intensity of the speaker's voice would account for 
all the existing differences among these data, the agreement is as good 
as might be expected. 

However, in order to test these somewhat diverging opinions and find¬ 
ings, and to ascertain more accurately just how speech is heard in the 
open, some speech-articulation tests have been conducted in the Mohave 
Desert. The tests were similar to those already described for testing 
the hearing of speech in auditoriums. (See Sec. 113.) Six different 
individuals, all with normal hearing and normal speaking voices, were 
used in conducting the tests. The listeners were stationed at certain 
distances in front of the speaker, to the right and left of the speaker, 
and behind the speaker. All the speakers were instructed to speak as 
though they were addressing an audience seated in the open. The 
results of these tests, conducted on a quiet, level plain on the desert, 
with no wind present, are shown in Fig. 221. The curves indicate the 
distances from a speaker at which the speech articulation dropped off to 
90 per cent, 80 per cent/and 75 per cent. Thus, a listener anywhere on 
the 90 per cent contour would hear correctly 90 out of every 100 of the 
c all ed speech sounds. In a similar manner, the contour for 75 per cent 
would represent the approximate limiting distances at which speech 
can be heard satisfactorily in a quiet open place, since an articulation 
of 75 per cent is required for satisfactory hearing. It will be noted 
that these distances are 138 feet in front of the speaker, 98.5 feet to the 
side of the speaker, and 56 feet behind the speaker. These distances 
are considerably greater than those given by other authorities, and al¬ 
ready presented in this section, but it is possible that these tests were 
conducted under more quiet conditions than prevailed during the tests 
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of other investigators. The distances are also slightly greater than 
those based upon the calculations presented in this section, but this is 
readily explicable on the basis that the average speaker generates more 
than 100 microwatts when speaking in the open. The speech-articula¬ 
tion tests are based upon the most direct method of measurement, and 
the results to which they lead are probably more reliable than those which 
have been obtained by other methods. At the same time, the quantita- 



Fig. 221. Curves showing how the hearing of speech (percentage articulation) 
depends upon the distance and direction from the speaker. The speaker was lo¬ 
cated at o and facing in the direction of the arrow. The 75 per cent “contour” 
represents the limiting distances at which normal speech can be heard satisfactorily 
on a quiet, level plain. 

tive results obtained by the articulation tests in the open are consistent 
with the qualitative results which have been presented earlier in this 
section. 

In conducting the articulation tests in the open it was found that the 
slightest amount of noise from insects or from wind would interfere 
seriously with the hearing of speech, and therefore care was exercised 
to avoid these disturbances during the main series of tests. But in 
order to determine the effect of wind upon the hearing of speech in the 
open a series of tests was conducted in a wind which varied from about 
20 to 25 miles an hour. The results of these speech articulation tests 
are shown in Fig. 222, which shows the distances from the speaker at 
which the speech articulation dropped off to 75 per cent, and also to 50 
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per cent. It will be noted that the wind interfered with the hearing in 
all directions — in a direction with the wind as well as in a direction 
against the wind. Thus, the speech articulation was reduced to 75 per 
cent at distances of 85 feet in front of the speaker, 52.5 feet to either the 
right or the left of the speaker, and 26 feet behind the speaker. The 
short arrow shows the direction the speaker was facing. Since the action 
of the wind was to decrease the articulation in all directions around the 
speaker, it is apparent that the wind interferes with hearing primarily 
because it introduces a noise near the ears of the listener. There is some 
evidence that the propagation of the sound is most favorable in the direc¬ 
tion with the wind, although 
the effect is not so great 
as is generally supposed. 

Thus, in the quiet the ratio 
of the distances in front of, 
to the side of, and behind 
the speaker is 1.00 :0.715 : 

0.405; whereas in the wind, 
blowing toward the front 
listener, the ratio is 1.00 : 

0.615 :0.307. But, al¬ 
though the wind was blow¬ 
ing almost in the direction 
from the speaker to the lis¬ 
tener in front of the speaker, 
the articulation dropped off 
to 75 per cent at a distance 
of 85 feet in the presence of 
the wind compared with a distance of 138 feet in the quiet. It is appar¬ 
ent therefore that the noise produced by the wind more than offsets the 
slight advantage gained from the downward refraction of the sound in 
the leeward direction. 

Other articulation tests have been made with the wind velocity as 
low as 5 to 10 miles an hour, and even such gentle winds were found to 
interfere appreciably with the hearing of speech. All these tests seem 
to indicate conclusively that an open-air theatre should he located in a site 
which is free from winds . If such a site cannot be found, the theatre 
should be so oriented that the prevailing wind will blow from the stage 
toward the audience. If the prevailing wind exceeds about 10 miles 
an hour the size of the open-air theatre in such a site should be reduced 
by an amount which is roughly indicated by comparing the curves in 
Figs. 221 and 222. 



Fig. 222. Curves showing the effect of wind on 
the hearing of speech in the open. 
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The contour curves of equally good hearing shown in Figs. 221 and 222, 
and especially the contours for an articulation of 75 per cent, are service¬ 
able in determining both the limiting size and the most favorable shape 
for the seating area of an open-air theatre provided there are no reflect¬ 
ing surfaces around the stage. Thus, in a quiet site and without reflect¬ 
ing surfaces around the stage, if the articulation is to be in excess of 
75 per cent in all seats, the length of auditorium, from the most probable 
position of the speaker to the rear row of seats, should not exceed 138 
feet, and the width of the auditorium should not exceed 197 feet. In 
practice, a quiet site is never realized, but the benefit from reflections 
from the stage walls and ceiling, and the benefit from the sloping seated 
area may be counted upon nearly to compensate for the interfering effect 
of unavoidable noises. Further compensation will result from the 
tendency of speakers to raise their voices when speaking in the presence 
of a noise. 

However, the reflecting surfaces around most open-air stages, for 
example, surfaces similar to those shown in Fig. 220, add to the direc¬ 
tional effect of the speaker so that the shape of the seated area should 
conform more nearly to the shape shown by the dotted lines in Fig. 220 
than to the shape shown by the contour curves in Figs. 221 and 222. A 
seating area similar in shape to that shown in Fig. 220, and having a 
depth of about 140 feet and a maximal width of about 180 feet, would 
seem to mark the upper limits to the dimensions of an open-air theatre 
in which unamplified speech will be heard satisfactorily. Such a theatre 
will accommodate an audience of about 3000 persons. If open-air 
theatres are designed to accommodate a larger audience than this, it is 
probable that auditors sitting or standing beyond the limits here speci¬ 
fied will not hear satisfactorily. However, it may be feasible in some 
communities to extend the auditorium so as to accommodate an audi¬ 
ence as large as 5000 or even 6000, but under such circumstances it must 
be recognized that hearing will be difficult in the more remote seats unless 
the theatre be equipped with suitable apparatus for the amplification 
of speech. 6 With special forms of reflecting surfaces around the stage, 
such for example as are used for the Hollywood Bowl (in Los Angeles), 
it is possible to hear speech satisfactorily at a distance of 200 feet from 
the stage, but owing to the directional effects of such reflecting surfaces 
it is necessary to limit the width of the seated area. 

The limits of size which have just been specified should be regarded 
as the maximal safe limits for good hearing, and then only when the 
speakers lift their voices and speak with deliberate clarity. If the 

• Open-air auditoriums for music may be somewhat larger than those which are 
designed principally for dramatic purposes. 
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theatre is to be used principally for oral expression the size should be 
considerably smaller than has been specified. An open-air theatre with 
a seating capacity of about 1500 should be regarded as the upper safe 
limit of size when the theatre is to be used principally for the spoken 
drama, and when it is desired that the actors may speak without undue 
effort and that all auditors may hear without undue strain. 

175. Greek and Roman Theatres. In Figs. 223 to 226 are shown a 
number of photographs and drawings of both classical and modern 



Fia. 223. Greek theatre at Epidauros. Note the circular orchestra and the steep 
slope of the auditorium. ( Nicoll.) 


Greek and Roman theatres. These are briefly described in the legends 
given under the photographs and drawings. 

It should be mentioned that nearly all Greek and Roman theatres 
are subject to a peculiar acoustical defect which results from the shape 
of the auditorium and the location of the stage. In the classical Greek 
and Roman theatres the action takes place on a stage or platform which 
is located near the centre of curvature of the regularly spaced and 
elevated rows of seats or benches. As a result, the speakers or actors 
are frequently disturbed by the converging reflections from these circular 
rows of benches. Not only do these reflecting surfaces return the sound 
and converge it to a focus near the source of the action, but the uniform 
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spacing between the successive backs of the benches gives rise to a selec¬ 
tive reflection of those frequencies of sound which have a wave length 
equal to twice the distance between successive rows. This type of 
reflection, as was described in Sec. 18, produces a musical but monoto¬ 
nous echo which is most disagreeable to speakers. The effect is of course 
most noticeable in the empty theatre, and when the speaker is located 
at the centre of curvature of the circular benches. If a complex sound, 
such as clapping or shouting or even talking, be produced near the cen¬ 
tre of curvature of the terraced seats, as for example in the Greek Theatre 



Fig. 224. Graeco-Roman theatre at Termessos. The orchestra has been reduced 
from its circular form and has been encroached on by the skene and logeion. Note 
that the logeion is partially surrounded by side and rear reflecting walls, that is, 
it is beginning to exhibit the features of the modern enclosed stage. ( Nicoll .) 

at the University of California, the reflected sound is brought back to a 
focus near the origin of the sound. The reflected sound persists for an 
appreciable interval of time owing to the successively delayed portions 
of the reflected wave which come from more and more distant benches. 
And, as has been mentioned earlier, the reflected sound has a character¬ 
istic musical pitch which is determined by the spacing between the suc¬ 
cessive rows of seats. Thus, when the rows are spaced apart 30 inches, 
the reflected sound will be preponderantly composed of sound waves 
which have a wave length of two times 30 inches, or 5 feet. That is, 
the musical pitch of the reflected sound will be slightly below middle C, 
or about 225 vibrations per second. When all the seats are occupied 
this peculiar reflection of analyzed sound is diminished, but even under 
the most favorable circumstances the echo is not only noticeable but 
annoying. In the design of open-air theatres this condition should be 
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Fig. 225. Plan of a classical Roman theatre (the Marcellus Theatre at Rome). 
The orchestra and auditorium are both reduced to semicircles; the theatre is 
built on level ground instead of a natural slope, but the seats are elevated fully 
as much as in the Greek theatre; and the stage, which is well surrounded with 
reflective rear and side walls (and in some instances, as at Aspendos, with a ceiling 
splay), is brought near the auditorium. ( Streit , “Das Theater,” Plate VIII.) 



Fig. 226. The Greek theatre at the University of California, Berkeley, California. 
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avoided as much as possible. Other forms than the circle should be 
adopted for the arrangement of benches; or the centre of curvature 
should be well removed from the stage or scene of action. The defect 
is not so troublesome if the backs or risers of the successive rows of 
benches be inclined backward at a small angle from the vertical in¬ 
stead of rising vertically, or if the risers be covered with absorptive ma¬ 
terial, such as climbing vines, shrubs, or even flexible cushions which will 
withstand the weather. 

176. The Hollywood Bowl. The Hollywood Bowl, located in an 
extraor dinar ily well shaped and protected hollow in the mountains which 



Fra. 227. Hollywood Bowl, showing the general contour of the site, the seating ar¬ 
rangement, and the shape of the orchestra shell. 


divide Hollywood and San Fernando Valley, California, has become 
famous because of its splendid acoustical quality and its summer pro¬ 
grams of “ Symphonies under the Stars.” The general contour of the 
site, the seating arrangement, and shape of the orchestra shell are indi¬ 
cated in Fig. 227. The natural cove which forms the main seating area 
of the Bowl has been further excavated so that the Bowl is almost com¬ 
pletely surrounded by hills or embankments, which protect the Bowl 
from the noise of busy metropolitan traffic arteries not more than 1500 
feet away. The slope of the seated area is, oh the average, about 12° 
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above the horizontal. The total depth of the Bowl, from the front of 
the stage to the last row of seats, is 550 feet. The seating capacity is 
22,500. Obviously, the Bowl is too large for dramatic purposes, or 
even for speaking purposes (without the use of appropriate amplifiers), 
but it is admirably adapted for open-air orchestra concerts. The ex¬ 
traordinary size of the Bowl calls for an acoustical shell or sounding 
board which will give a pronounced directional flow of sound toward 
the audience, and especially toward the more remote seats in the Bowl. 

The most simple type of orchestra shell would consist of a highly 
reflective vertical wall placed directly behind the orchestra, such as 
was described in Sec. 174. Such a wall or sounding board would approxi¬ 
mately double the intensity of the sound projected to the audience. 
This simple type of sounding board has much to commend it if it will 
provide a sufficient amount of sound energy for good musical effects. 
It is almost free from directional effects and is entirely free from focusing 
or converging action. Consequently, all instruments are almost equally 
reenforced in all directions in front of the sounding board, and therefore 
a nearly uniform flow of sound energy will be directed to all parts of the 
audience. However, in very large bowls, such as the Hollywood Bowl, 
it is necessary to increase the directive action of the sounding board or 
shell. Accordingly, the shell for the Hollywood Bowl has both overhead 
and side reflecting surfaces. If the audience were seated upon a plane 
at the same elevation as the stage, the overhead surface should have an 
inclination of about 45° above the horizontal. Since the seating area 
of this Bowl is inclined at an angle of about 12° above the horizontal, 
the overhead reflecting surface is pitched to an angle of 51° above the 
horizontal. This imparts to the reflected sound a directional flow which 
is approximately parallel to the slope of the seated area. 

The present form of the orchestra shell was developed from several 
temporary structures which were used during the first few years of the 
Hollywood Bowl concerts. Vertical and inclined reflecting surfaces 
were placed behind and'above the orchestra in one of the first shells 
constructed for the Bowl. Later, a shell was constructed which com¬ 
bined vertical walls behind and at both sides of the orchestra (similar in 
plan to the three-sided arrangement shown in Fig. 220) with plane para¬ 
bolic surfaces above the orchestra. This shell gave a strong reenforce¬ 
ment to the sound, but it was not entirely satisfactory because it also 
gave an over-emphasis of tones for those instruments which were located 
near the focal lines of the three overhead parabolic surfaces. 

The existing and permanent form of the shell, which is erected on a 
movable steel frame, is one half of a truncated right circular cone 
having an outside radius at the front of 45 feet, and a radius at the rear 
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of 18 feet. The plan and sectional drawings for the shell are shown in 
Fig. 228, and the plan and profile of both the shell and the seated area 
are shown in Fig. 229. The truncated cone is made up of nine concentric 
reflecting bands. All these concentric bands are inclined at an angle of 
51° above the horizontal, so that they selectively reflect sound in a direc¬ 
tion parallel to the profile shown in Fig. 229. Further, these nine con¬ 
centric bands break up the overhead surface so that there are no pro¬ 
nounced foci. 

The primary function of the orchestra shell, which is to project the 
sound of the orchestra or soloists to all listeners in the very large Bowl, 
is quite satisfactorily attained. Furthermore, the shell is free from such 
defects as echoes and interfering reflections. The broken surfaces of 
the shell tend to reflect sound diffusely so that both performers and 
listeners receive a large amount of reflected sound. 

Some tests have been conducted with the present type of shell in order 
to determine the distribution of intensity of sound in different parts of 
the Bowl. In these tests the source of tone was a radio loud speaker ac¬ 
tuated by a vacuum-tube oscillator. The source was maintained at a 
constant output, and the intensity of the resulting tone at different 
positions in the Bowl was determined by masking the tone with a cali¬ 
brated noise audiometer of the buzzer type. Test tones of 128, 512, 
and 2048 cycles were used, and the intensity distribution was deter¬ 
mined for each test tone, first with the source located at the front central 
portion of the shell, and then with the source on the extreme right side 
of the shell. In each test the loud speaker was directed vertically up¬ 
ward so that the loud speaker would not contribute to the directional 
effect of the shell. At the same time, with the source directed vertically 
upward the reflective action of the shell would be somewhat over¬ 
emphasized, so that the intensity-distribution measurements obtained 
in the different parts of the Bowl probably over-emphasize the direc¬ 
tional effects of the orchestra shell. The results for the 512 tone with 
the source at the front central part of the shell are shown in Fig. 
230.' The locations at which measurements of the intensity were 
made are indicated by the small circles, and the number by each 
small circle indicates the level of the noise required to just mask 
the tone from the loud speaker. These results are typical* of those 
obtained at 128 and 2048 cycles, and they show that, for a source 
located near the centre of the shell, there is a preferential reflection 
toward seats located near the longitudinal axis of the Bowl. In some 
instances the sound level falls off as much as 8 to 10 db in going from the 
longitudinal axis to the extreme sides of the Bowl. This falling off in 
intensity, however, is no greater than that frequently encountered in 
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Fig. 228. Flan and sections of the orchestra shell for the Hollywood Bowl. 



Fig. 229. Plan and profile of the Hollywood Bowl. 
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Fig. 230. Intensity distribution in the Hollywood Bowl of a 512-cycle tone located 
at the front central part of the shell. The numbers give the approximate sound 
levels, in decibels. 



Fig. 231. Speech articulation in the Hollywood Bowl. The numbers give the per¬ 
centage articulation. 
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many closed auditoriums, but is greater than would have resulted with 
no sounding board at all, or even with the two simple types of sounding 
board described in Sec. 174. (See, for example, Fig. 220.) With the 
source located at one side of the orchestra platform the intensity attains 
a maximum on the opposite side of the Bowl, the difference on the two ' 
sides amounting to as much as 8 db. This difference is approximately 
the same for low-, medium-, or high-pitched tones, so that the shell is 
free from a frequency selectivity in its directive action. However, the 
seats on the extreme sides of the Bowl suffer from the directive action 
of the shell, and this applies to low-pitched as well as to medium- and 
high-pitched tones. Thus, when one sits on the right side of the Bowl 
one hears the brass instruments (on the opposite side of the orchestra 
platform) too loudly and the double basses not loudly enough; whereas 
when one sits on the left side one hears the double basses very well but 
the brass instruments are not sufficiently prominent. 

On the other hand, by, reason of the reflective action of the shell, 
even the faintest notes of the violin are clearly audible in the most remote 
seats of the Bowl. The sound generated by dropping a No. 10 bird shot 
onto a kettle drum from a height of only \ inch above the stretched 
membrane can be heard distinctly over three fourths of the Bowl. In 
spite of the defects owing to the directive action of the shell, the acoustical 
properties of the Bowl have been enthusiastically praised both by listen¬ 
ers and performers. The seats near the longitudinal axis are the choicest, 
and in all seats except those on the extreme sides the orchestra is heard 
to very good advantage. 

Although the Bowl is used principally for orchestral and other musical 
concerts, it is sometimes used for speaking purposes. It is evident, how¬ 
ever, that it is too large for speech to be heard distinctly in at least the 
rear half. Some speech-articulation tests have been conducted in the 
Bowl, the results of which are shown in Fig. 231. These tests were con¬ 
ducted, for the most part, during the early part of the night — at a time 
when disturbances from' city traffic and other sources were comparable 
with the noise present during programs in the Bowl. The percentage 
articulation obtained at different positions is indicated in the figure. 
It will be noted that the articulation decreases from about 89 per cent 
near the front central part to a value as low as 22 per cent near the upper 
right-hand corner of the Bowl. This corner is near a busy boulevard, 
and is the only part of the Bowl which is not protected by an embank¬ 
ment or the natural slope of the hills. A number of articulation tests 
conducted at about 3:00 a.m., when there were practically no disturb¬ 
ances from noise, gave articulations as high as 65 to 70 per cent in the 
most remote parts. It is apparent therefore that if the Bowl were en- 
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tirely free from outside disturbing noises it would be possible to hear 
speech fairly distinctly in all parts, even at distances as great as 550 feet 
from the speaker. Under the existing conditions, the articulation is in 
excess of 75 per cent for all listeners within about 200 feet of the stage; 
and if speakers raise their voices to a high level they can be understood 
in all parts of the Bowl. With the help of a public address system, and 
with the speaker not more than 3 feet from the microphone, it is not 
necessary for the speaker to raise his voice, and he can be heard very 
well throughout the entire seated area. 

177. Design of Open-Air Theatres. The selection of the site for an 
open-air theatre should be based upon a thorough survey of the acoustical 
properties of all available locations for the theatre. Quietness is the 
most important of all acoustical considerations in the selection of the 
site. The site should be well removed from all traffic arteries, both on 
the ground and in the air; it should be shielded on all sides by the nat¬ 
ural slope of surrounding hills, by artificial embankments, or by a dense 
growth of trees; and it should be free from winds which have velocities 
of more than 5 to 10 miles per hour. A noise survey (see Sec. 87) and 
speech-articulation tests should be made on all proposed sites. In 
order that a site be a satisfactory one, the noise level should not exceed 
20 to 25 db, and preference should be given to the most quiet site. The 
speech-articulation tests will determine not only whether the site will be 
a suitable one for oral expression but also the limiting boundaries inside 
which the hearing of speech will be satisfactory. In general, a cove on a 
gently sloping hillside will be found to possess the highest merit. The 
slope of the seated area, that is, of the auditorium “ floor /’ should be 
between 10 and 20°. 

Fig. 232 shows an acoustical study of an open-air theatre which is 
based upon the principles and findings described in the preceding sec¬ 
tions of this chapter. The shape and size of the auditorium conform 
very approximately with the recommendations suggested by the speech- 
articulation tests in the open (see Figs. 221 and 222) and with the calcu¬ 
lations of the intensity distribution of sound in front of a stage bounded 
by side and rear walls and by floor and ceiling surfaces. (See Fig. 220.) 

The design shown in Fig. 232 will seat approximately 2000. It rep¬ 
resents about the practical upper limit of size in which speech erf average 
loudness can be heard satisfactorily 7 — and only then when the site is a 
quiet one, and when the speakers raise their voices and place proper 
emphasis upon the consonantal endings of syllables and words. If the 

7 In Sec. 174 the upper limit of size was placed somewhat higher than this — allow¬ 
ing a seating capacity of 3000. The smaller size here advocated is based upon con¬ 
servatism, and provides a much-needed factor of safety. 
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theatre is to be used principally for dramatic productions, and if the 
actors are to be free from the necessity of raising their voices, the size 
should be reduced to about two thirds or three fourths that of the theatre 
shown in Fig. 232; that is, the seating capacity should be limited to 
about 1200 to 1500. On the other hand, open-air auditoriums for or¬ 
chestra or band concerts may be as large as the Hollywood Bowl (seating 



Fig. 232 . Acoustical study of an open-air theatre. 

22,500) if the site be a quiet one and if the stage be bounded by properly 
designed rear, side, and overhead reflectors. 

In the design shown in Fig. 232 it will be noted that beneficial reflec¬ 
tions are obtained from the rear and side walls, from the ceiling, and 
from the floor both of the stage and of the orchestra. All these surfaces 
should be highly reflective throughout the entire range of audible fre¬ 
quencies. If the theatre is to be used at times for musical productions, 
the reflecting surfaces should be of wood — three-ply wood veneer, 
stained and waxed or varnished, is very good for the walls and ceiling, 
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and matched soft or hard wood over subflooring will be suitable for the 
floors. If the orchestra space is to be used at times for dancing, it is 
advisable to include a §-inch fibre board between the rough and finished 
floor of the orchestra. This will prevent excessive noise or “ drummi- 
ness ” from footfalls on the floor. 

The centre of curvature for the rows of seats is located 30 feet behind 
the rear wall of the stage; consequently there will be but little or no 
convergence of the sound which is returned to the stage from the con¬ 
cave surfaces comprising the backs of the seats or benches in the lower 
section of seats. The disturbing effect of this type of reflected sound 
(which reaches very annoying proportions when the centre of curvature 
of the rows of seats is on or near the stage, and when the auditorium is 
empty) can be further minimized by inclining the backs of the seats 
or benches about 10° from the vertical. This will not only tend to divert 
upward that sound which is reflected from the backs of the seats so 
that the sound will be returned above rather than on the stage, but it 
also will provide more comfortable seats. 

The use of a fibre board covering for all treads in the aisles is a helpful 
expedient for reducing the noise of footfalls, and provides a comfortable 
and safe surface to walk upon. In mild climates a good grade of fibre 
board will wear for several years, and the cost of replacement will be 
nominal. 
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178 . Introductory. Although the theatre is a place for seeing as well 
as a place for hearing, it is certainly in the interest of the good of the thea¬ 
tre to insist that good acoustics should come before all other require¬ 
ments. This is so not only because of the importance of oral expression 
in the theatre but also because acoustics is one of the most difficult 
problems which enters into theatre design, and because it is more uni¬ 
versally neglected than any other aspect of design. The modern theatre 
has developed around the art of oral expression, and ever since the intro¬ 
duction of speech in the theatre there has been a mutual interaction 
between the art of spoken drama and the art of theatre design. On 
the one hand, the theatre has developed into shapes and arrangements 
of spaces which will facilitate an effective flow of speech from the stage 
to the auditors. On the other hand, the actors have been required to 
adapt themselves to the acoustical conditions of the theatre — such as 
elevating the voice; reducing the tempo in order to avoid the overlapping 
of the successive words in speech; and in some instances adapting the 
pitch of the voice to the natural “ tone ” or resonance of the theatre. 
In the ideal design, of course, the highest consideration should be given 
to the freedom of the actors so that they can speak naturally and easily, 
and with the assurance that they are heard perfectly in all parts of the 
auditorium. 

179 . Historical Development of the Theatre. In the preceding chap¬ 
ter a brief account was given of the development of the classical Greek 
and Roman theatres. These were the forerunners to the enclosed 
theatre, and the first forms of enclosed theatre bear a very close resem¬ 
blance to the Roman type shown in Fig. 216. The Theatre of the Olym¬ 
pian Academy, at Vicenza, Italy, was one of the earliest forms of the 
enclosed theatre. It is essentially a classical Roman theatre with the 
roof and side walls added. Its similarity in plan with that of the open- 
air Roman theatre is shown in Fig. 233. Note especially the five conven¬ 
tional entrances piercing the heavily ornamented walls. The avenues 
behind the entrances to the front part of the stage were set with various 
types of scene to add interest to the production. This appears to mark 
the advent of scenes in the theatre, and in the later types of theatre the 
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scenes become of considerable importance from the standpoints of both 
seeing and hearing. 




Fig. 233. Plan of the Teatro Olimpico, Vicenza, Italy (above), compared with that 
of a classical Roman theatre (below). (Nic,oU.) 

The next step in the development of the modern theatre which is 
of acoustical interest is represented in the Teatro Farnese at Parma, 
Italy. (See Fig. 234.) In this theatre, the permanent surrounding 
walls of the Roman stage have been “ spread open the central door- 
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way through the rear wall of the stage has become the stage opening; 
and the ornamented walls surrounding the stage have become the pros¬ 


cenium arch. Behind the opening or 
proscenium arch is the enlarged and 
curtain-enclosed stage, and in all sub¬ 
sequent theatres the curtained stage 
and the proscenium arch remain. It 
will be noted also that the semicircu¬ 
lar auditorium has been elongated 
into the more modern U shape, the 
influence of which is seen in many 
eighteenth and nineteenth century 
theatres and opera houses of Europe 
— modified in many instances into 
the familiar but famous horseshoe. 
These forms were well adapted to the 
addition of balconies, which were 
necessary in order to keep the audi¬ 
tors near the stage. Often as many as 
four or five balconies are found, as in 
the San Carlo Theatre in Naples, the 
later Drury Lane Theatre in London, 
and the Burgtheater in Vienna. (See 
Fig. 235 for example.) Theatres of 
this type with flat or nearly flat 
ceilings were nearly always satisfac¬ 
tory acoustically, since the audience 
was brought near the stage, and the 
entire floor (and most of the walls) 
was covered with highly absorptive 
material (the audience), thus keeping 
the reverberation time down to a low 
value. 

It was the addition of domes in the 
eighteenth century and the exclusion 
of all but one balcony in the nine¬ 
teenth century 1 that led to the out¬ 
standing acoustical difficulties of the 
past fifty years. It has been pointe< 



Fig. 234. Plan of the Teatro Famese 
at Parma, Italy. ( NicoU .) 

out repeatedly that high, domed 


1 Many cinema theatres of recent design have abandoned all balconies. When 
old-style theatres were converted for use of talking pictures, most of them were found 
to be excessively reverberant. 
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ceilings give rise to echoes, interferences, and concentrations in the au¬ 
dience. Also, the exclusion of several balconies leaves a large unbroken 
surface on the rear wall — which is often concave — to reflect sounds 
back to the stage. In addition, the exclusion of the balconies and the 
use of hard plaster or other fireproof materials for the walls and ceiling 
lead to excessively long periods of reverberation. As a result of these 



Fig. 235. Schematic interior of the Burgtheater, Vienna, showing four levels of 
loges and a gallery above the loges. 


faulty innovations, many theatres of recent times have been attended 
by acoustical difficulties which were not experienced a century ago. 

More recently, however, the acoustical design of theatres has been the 
object of considerable study, especially since the pioneer work of W. C. 
Sabine. As a result, it is now the exception rather than the rule that 
these defects of shape and reverberation are found in modern theatres. 
Modern forms, in plan, are frequently similar to the one shown in Fig. 
236, which is a modification of the horseshoe, and resembles a fan. The 
sloping side walls, and the splayed ceiling of the proscenium, which 
should be free from too much ornamentation, can be designed to be 
very effective for reflecting sound to the auditors in the rear part of the 
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auditorium. The general fan shape, with a single balcony, is usually 
accompanied by an increase in the slope of the orchestra floor, which 
represents an attempt to provide 
the best seats on the main floor 
level. However, if the overhang 
of the balcony be more than five 
or six rows of seats, the audition 
in the balcony will be better than 
under the balcony. 

A number of shapes which are 
based upon good acoustical de¬ 
sign, and which are adapted to 

modem needs in theatre produc- Fiq . 236. Fan-shaped theatre, 

tions, will be found in the recent 

book of Bagenal and Wood, 2 and others will be shown in subsequent 
sections of this chapter. 

In the design of every theatre the architect should base his acous¬ 
tical study upon the four following factors: 




Fia. 237. 



Volume-Cu. Ft. 


Curves showing satisfactory reverberation times for legitimate theatres. 


1. A noise survey made upon the proposed site for the theatre. 
The noise in the vicinity of the site should determine the amount of 
sound-insulation which is to be built into the theatre to give complete 
freedom from outside noise — a requirement which is of prime 
importance. 

2. Limitation of the size of the theatre so that the average inten- 
* Loc. tit. 
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sity of normal speech in even the more remote parts of the theatre will 
be loud enough for distinct hearing. 

3. Design of a shape which will be free from echoes, concentrations, 
and delayed reflections, and the development of diverging side walls 
and proscenium which will act as sounding boards to reenforce the 
sound which reaches the auditors. 

4. Control of reverberation throughout the range of frequencies 
which are important for distortionless transmission of speech. The 
curves in Fig. 237 give reverberation times which have proved to 
be highly satisfactory for the design or correction of the acoustics in 
legitimate theatres. 

These four factors have been discussed in connection with the design 
of school and church buildings, and now will be further considered in 
connection with the design of specific types of theatre. 

180. The Little Theatre. The little theatre affords the architect an 
opportunity for designing a theatre which embodies the highest attain¬ 
able standards of perfect acoustics. If the seating capacity be limited 
to 300, the volume of the auditorium need not exceed 50,000 or 60,000 
cubic feet, and in a room of this size the articulation of conversational 
speech will attain the very satisfactory level of 88 to 90 per cent. All 
seats generally will be located on the main floor, which should have a 
very substantial slope, so that auditors will have good sight lines and 
good sound lines in all parts of the auditorium. The ceiling should not 
be more than 25 feet high, and in general should be left smooth; and it 
should be finished with a highly reflective material so that it will serve 
as a sounding board for all auditors. Diverging walls are desirable but 
not so necessary as in larger theatres. The lower 8 or 10 feet of the walls 
should be of hard material, and the front portions of these walls should 
not be pierced with boxes or exit doors, so that the lower portion of the 
walls will be efficient reflectors. The upper walls should be treated with 
sound-absorptive material having such coefficients of absorption as will 
impart to the room the optimal times of reverberation for tones of low, 
medium, and high pitch. The reflective action of the rear wall should 
be carefully studied. A smooth concave rear wall with radius of curva¬ 
ture near the stage — as is found in many theatres — should be avoided, 
as it is almost certain to produce an echo on the stage. The rear wall, 
if vertical, should be broken with deeply inset doors, hangings, or other 
ornaments which will prevent the reflection of sound to the stage. If 
the rear wall be inclined from the vertical toward the stage, it can be 
left in hard, smooth material, in which case it will direct very beneficial 
reflections to auditors in the rear part of the theatre. 
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Fig. 238. Plan and section of the Little Theatre, New York, (Ingalls and Hoffman , 
Architects; W. C. Sabine , Consultant on Acoustics.) The auditorium is 28 feet 
high in front, 23 feet high at the rear, 48 feet long and 49 feet wide, with a stage 
opening 18 by 31 feet. Felt panels on the rear and side walls reduce the reverbera¬ 
tion, with a capacity audience of 299, to 2.2 seconds at 128, 1.2 seconds at 512 and 
1.5 seconds at 2048 cycles. (These times of reverberation were calculated by Sabine 
on the basis of the old reverberation formula, Eq. [23]. If Eq. [26] be used, the 
resulting times of reverberation would be about 10 to 20 per cent lower.) 
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The optimal times of reverberation for the auditorium in a little 
theatre having a volume of about 50,000 to 60,000 cubic feet are approxi¬ 
mately 2.0 seconds at 128 cycles and 1.0 second at 512 and 2048 cycles. 
A reverberation time slightly longer than 1.0 second is desirable at 2048 
cycles (see Fig. 175) but it may be difficult to attain with existing ma¬ 
terials, including the audience. 

The exclusion of both outside and inside noise should receive study 
whether the site is a quiet or a noisy one. The level of noise in the audi¬ 
torium should not exceed 15 db, and if the highest standards of acoustics 
are sought the level of noise should be reduced to 10 db. This will 
necessitate a noise survey of the site, the routine calculations on sound- 
insulation such as have been described in Sec. 106, the choice of wall 
and ceiling structures and of entrance and exit doors which will satisfy 
these calculations, and the suppression of all ventilating and other 
equipment noises in the theatre. 

In Fig. 239 is shown a sketch of a plan and section for a little theatre 
which is based upon a study of the requirements for ideal acoustics. 
The auditorium is everywhere enclosed by double walls which will pro¬ 
vide an insulation of at least 60 db. This amount of insulation will be 
sufficient to exclude all outside noises even in a noisy metropolitan lo¬ 
cality. If the theatre is located in a quiet site, it is of course unnecessary 
to provide such an amount of insulation. On the other hand, if the site 
is subject to excessive earth vibrations, such as result from near-by bus 
or trolley lines, as well as to excessive air-borne noise, it is advisable not 
only to provide double walls but also to insulate from the earth the inner 
walls of the auditorium. The vestibule and promenade for the design 
shown in Fig. 239 are completely carpeted over a flexible carpet pad; 
and absorptive material is used in the ceilings of the vestibule and 
promenade. The treatment of these spaces with absorptive material 
not only helps to reduce outside noises but it also excludes the possibility 
of having any reverberant rooms coupled to the main auditorium. 

The splayed proscenium walls and ceiling, the flat ceiling of the 
auditorium, and the lower portion of the side walls are designed to re¬ 
flect useful sound upon the audience, and accordingly are finished with 
hard plaster. If the room is to be used at times for music it would be 
helpful to apply this hard plaster to wood or metal lath, which would 
give added resonance to the room. A movable apron is indicated to fit 
over the orchestra pit when the theatre is used for productions without 
orchestra. This permits a part of the action to take place in front of 
the proscenium opening, and not only improves the audition in the audi¬ 
torium but gives a unified combination of the classical logeion and akene. 

The control of reverberation in this proposed theatre has been ef- 
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fected by the use of absorptive material on the upper side walls and on 
the rear wall. The aisles in the auditorium are heavily carpeted, and 
all seats are heavily upholstered, so that the theatre will have essen¬ 
tially the same acoustical properties whether the auditorium is empty, 
or partially or completely filled with an audience. The absorptive 
material for the upper side walls and the rear wall should have such 




Fig. 239. Acoustical study of a little theatre. 


absorptive properties as will give to the auditorium a reverberation 
characteristic which will approximate that shown in Fig. 175. 

The calculations for reverberation in this theatre are given in the fol¬ 
lowing table. 

The analysis given in the table assumes that the theatre will be 
equipped with a good grade of upholstered opera chairs, and that the 
central aisle will be carpeted over a |-inch felt pad. The absorption 
for each seated person has also been adjusted slightly to include the 
added absorption of the occupied chairs. It will be noted that the 
analysis leads to the conclusion that the 1150 square feet of upper side 
walls and rear wall should be treated with an absorptive material having 
coefficients of sound-absorption of 0.11 at 128 cycles, 0.37 at 512 cycles 
and 0.22 at 2048 cycles. It no doubt will be difficult to select a material 
which will have precisely the coefficients called for in the tabulated 
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CALCULATIONS FOR REVERBERATION IN LITTLE THEATRE 


Volume = 50,000 cubic feet; surface = 8650, square feet; k = 0.05; seating 
capacity = 300. 
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calculations. However, there are many materials which will have 
approximately the required coefficients at 128 and 512 cycles," and if a 
selection of a material be made which is in good agreement at these two 
frequencies and in fair agreement at 2048 the result will be entirely satis¬ 
factory. For example, the J-inch mineral wool acoustical plaster listed 
in the table on acoustical plasters will closely approximate the type of 
material needed. The use of such materials as are indicated in the 
table will give reverberation times which do not differ more than 2 or 3 
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per cent from the optimal times recommended for an audience of 200 
persons; and with audiences between 100 and 300 persons the times of 
reverberation will not depart by more than 5 to 10 per cent from the 
optimal times, which is entirely satisfactory for ideal acoustical quality. 
F inall y, it is necessary to control the reverberation on the stage. A 
reverberation time of about 1.0 to 1.10 seconds at 512 cycles is satisfac¬ 
tory. T his condition of reverberation can be closely approximated if 
the stage be fully equipped with the usual flies and with velour or monks 
cloth masking units. Measurements of reverberation should be made 
in the finished and equipped stage to determine whether different types 
of setting will provide the proper reverberation, and to determine what 
changes, if any, are desired. A small enclosed set, placed forward on 
the stage, affords the best means of projecting an abundant supply of 
sound energy to the audience, and its use should be encouraged whenever 
feasible. 3 

The speech articulation in such a little theatre as has been described 
in this section will approximate 90 per cent; and it will not be necessary 
for the actors to lift their voices. They can therefore give their entire 
thought and feeling to the type of oral expression which will best por¬ 
tray the drama, and they can act with the assurance that every word, 
no matter how finely modulated, will be heard by the audience. 

181. The Legitimate Theatre. In this section consideration will be 
given to theatres for the spoken voice which are larger than the little 
theatre described in the preceding section. The same general principles 
of design which were discussed for the little theatre apply with equal 
force to the larger legitimate theatre. There is, however, one very 
important difference which results from the difference of size. One of 
the most serious mistakes in modern theatre design has been a conse¬ 
quence of the tendency to make bigger and bigger theatres. In the 
older type of theatre with three or four balconies it was possible to seat 
an audience of 2000 or even 3000 in an auditorium having a volume of 
200,000 cubic feet, whereas in the modern theatre with a single balcony 
the volume required to accommodate the same number of auditors may 
be of the order of 400,000 to 500,000 cubic feet. By referring to Fig. 179, 
which gives the percentage articulation in auditoriums of different size 
and for different times of reverberation, it will be seen that if an articu- 

* Some tests conducted in the El Capitan Theatre, Hollywood, California, show the 
importance of having the action take place on the front of the stage, or of having an 
enclosed set to direct the speech to the audience. With a speaker on the front part 
of the stage, the speech articulation in the balcony of the El Capitan Theatre was 85 
per cent. When the speaker moved to the rear part of the stage (with an open set¬ 
ting on the stage) the articulation was reduced to 60 per cent. 



524 


THEATRE BUILDINGS 


lation as great as 80 per cent is desired — and this should be considered 
as the acceptable minimum for a legitimate theatre — the size of the 
auditorium should not exceed 400,000 cubic feet, and it is rather pre¬ 
carious to depend upon entirely satisfactory acoustics in an auditorium 
as large as this, unless the walls and ceiling have been designed prop¬ 
erly. But if the proscenium walls and ceiling and the main ceiling are 
properly designed to act effectively as sounding boards, a volume of 
400,000 cubic feet will not be too large for satisfactory hearing. If 
these surfaces are not properly utilized to enhance loudness it is advis¬ 
able to keep the volume down to not more than 200,000 cubic feet. 
The upper limit to the size of the legitimate-theatre auditorium should 
be fixed therefore at about 200,000 to 400,000 cubic feet, unless artificial 
means be provided for amplifying the speech, in which case the limit 
may be extended almost indefinitely. It may seem that this upper 
limit of size has been given a “ wide spread ” in specifying a limit that 
may vary from 200,000 to 400,000 cubic feet, but it should be remem¬ 
bered that a change of 100 per cent in volume may not introduce a 
change in loudness of more than 2 or 3 db, and therefore it is not feasible 
to fix a very definite limit of size. For this reason, one does not notice 
a great deal of difference in the acoustical properties of two theatres 
which differ in volume in the ratio of 1 to 2. But in determining the 
limiting size of a theatre one should keep in mind the data given in 
Fig. 179. One will then realize in advance of construction just how 
much the hearing of speech will be affected by any proposed change in 
the size of the auditorium. 

Since the loudness of average speech in the legitimate theatre is at a 
relatively low level, even in theatres having a volume of less than 
200,000 cubic feet, it is of the utmost importance to design the audito¬ 
rium of such a shape as will provide the audience with the greatest pos¬ 
sible amount of direct and of once-reflected sound. The divergence 
of the side walls, the slope of the overhead proscenium splay, and the 
slope of the main ceiling of the auditorium should be carefully designed 
to provide the optimal flow of once-reflected sound to all auditors, giving 
a slight preference to the more remote auditors in the rear seats under 
and in the balcony. 

Fig. 240 shows an acoustical study of a longitudinal section of a 
theatre in which the ceiling surfaces have been designed to reenforce 
sound by reflection. The overhang of the balcony is short, and the 
opening under the balcony is high, so that adequate sound will reach 
the rear seats under the balcony. These seats, which are us uall y the 
poorest ones in most theatres, are further benefited in the indicated 
design by the reflections of sound from both the splayed walls and 
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ceiling of the proscenium. The main part of the ceiling has a gently 
rising slope in order to provide the most favorable reflection of sound to 
the seats in the balcony. If heavily upholstered seats be used through¬ 
out, and if the aisles be carpeted over a J-inch carpet pad, it is not likely 
that much additional absorption will be required, since the volume of 
this theatre is relatively small for the seating capacity. If any absorp¬ 
tive material be required in order to provide the optimal reverberation, 
it should be applied to the rear wall under the balcony and to the rear 
wall above the balcony. All materials for the interior of the theatre 
should be chosen in such a manner as will give the optimal reverberation 
for low-, medium-, and high-frequency sounds. Calculations, such as 
have been described in Chap. XIII, should be made in order to provide 
insulation against outside noise, and to suppress all noise of inside origin, 



Fig. 240. Acoustical study of a section of a legitimate theatre, showing beneficial 
reflections from the proscenium arch and ceiling. 

such as that from ventilating equipment. If the theatre is to be used 
for musical comedies as well as dramatic productions, the reverberation 
should be based upon the requirements for both speech and music, and 
the absorptive materials should be carefully located in such a manner 
as will insure a uniform rate of decay of sound in all directions and in 
all parts of the theatre. An enclosed set, such as is shown by the dotted 
lines, should be used with the stage setting whenever possible. Such an 
enclosed set reflects toward the audience a large and much-needed 
amount of sound which would otherwise be lost by absorption in the 
upper part of the stage. (See footnote 3 in preceding section.) 

Theatres which are circular or elliptical in plan, or theatres with domed 
or cylindrical ceilings, are especially likely to give difficulty, although 
when the curved surfaces are well broken, or coffered, or treated with a 
material having a coefficient of absorption in excess of 0.70, the difficulty 
from the curved surfaces will be largely overcome. For example, the 
Wrigley Theatre at Catalina Island is circular in plan with the stage 
opening forming a part of the cylindrical boundaries of the walls. If 
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the walls of this theatre had been finished with reflective materials 
there would have been a very pronounced focusing of sound at a point 
about half way between the rear and the centre of the auditorium. 
To overcome this anticipated defect, two layers of l^-inch hair felt sep¬ 
arated by a 2-inch air space — the two layers covered with a perforated 
membrane — were applied to the side and rear circular walls in the form 
of a cylindrical band extending in length approximately three fourths 
of the way around the interior walls, and in height from about 3 feet 
up to 16 feet from the floor. This expedient gave entire satisfaction, 
and there is no noticeable focusing of sound in any part of the theatre. 
The front portions of the side walls were left in hard material so as to 
give helpful reflection toward the central and rear parts of the theatre. 

In the case of another theatre, elliptical in plan, the introduction of 
small recesses at regular intervals in the wall, and the use of a highly 
absorptive plaster for the wall surfaces, was sufficient to prevent both 
focusing effects and the tendency for sound to creep around the curved 
and smooth contour of the walls. 

The use of a finely perforated grille with highly absorptive material 
back of it is also a useful means of treating curved surfaces so as to 
eliminate objectionable reflections. The grille can be made of perfo¬ 
rated sheet metal which can be decorated with any kind of paint. Fur¬ 
ther, the perforations can be so small that they will not be visible at a 
distance of, say, 20 or 30 feet from the audience. Finally, by dividing 
large concave surfaces into secondary convex surfaces, as is indicated 
in Fig. 160, it is possible to overcome the serious defects of troublesome 
concave surfaces. Although it is possible to treat curved surfaces in 
such a way as to largely overcome their defects, it is preferable to use 
forms which are free from undesirable curvatures. This does not mean 
that curved surfaces are always to be avoided, for if they are judiciously 
handled they may contribute largely to good acoustics; but if they 
are used without careful consideration of the acoustical consequences 
they may lead to disastrous results. 

162. Sound-Picture Theatres. The acoustical problem for the thea¬ 
tre in which sound is reproduced by electro-acoustical equipment is 
markedly different from the acoustical problem in the legitimate theatre. 
This difference is attributable to two outstanding factors which char¬ 
acterize reproduced sound: (1) the reproducing equipment is capable 
of generating an adequate intensity of sound even in extremely large 
theatres, and (2) the projecting equipment, such as the horn, has di¬ 
rectional properties which tend to concentrate the sound along the 
principal axis of the projector. It has been noted in previous chapters 
that the optimal loudness for the hearing of speech is about 70 db, 
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and that this optimal loudness level is not attained in the legitimate 
theatre, owing to the limited amount of sound energy generated by the 
average speaker and the large volume in which this energy is distributed. 
On the other hand, it is a simple matter to design sound-reproducing 
equipment which will maintain an average level of at least 70 db in 
large theatres. It is not necessary therefore to prolong reverberation 
as a means of increasing the loudness of sound, as is the case in all audi¬ 
toriums where the loudness of the sound is limited to the level which 
can be maintained by the unamplified speech of the average speaker. 
The optimal time of reverberation for a sound-picture theatre is therefore 
considerably shorter than the optimal time for a legitimate theatre. If 
1.05 or 1.10 seconds be the optimal time of reverberation for a small 
room where the average level of sound is 65 or 70 db, there seems little 
justification for increasing the time of reverberation for larger rooms 
when it is possible to maintain this same sound level, as is done in sound- 
picture theatres. 

Another factor which must be considered in determining the optimal 
time of reverberation for sound-picture theatres is the effect of the studio 
reverberation which is permanently recorded on the sound track of the 
movie film or on the sound groove in the wax record. The sound record¬ 
ings are generally made in studios which have a certain amount of rever¬ 
beration — of the order of 0.6 to 0.8 second. When these records are 
released in the theatre, the reverberation of the auditorium is “ added ” 
to the reverberation which has been previously recorded on the film or 
wax. Although the resulting reverberation time is less than the sum 
of the reverberation times in the recording room and in the theatre, the 
effective reverberation is longer than would be the case if the sound had 
originated in the theatre without the intervening action of the sound 
recorder and reproducer. Finally, if we accept the theory upon which 
the optimal time of reverberation in auditoriums is based, namely, that 
the product of the level of the sound multiplied by the time required 
for that sound to die aWay to inaudibility should be constant (see Secs. 
132 and 146), we are obliged to use a shorter time of reverberation in 
sound-picture theatres than in legitimate theatres, since the intensity 
of reproduced sound is nearly always at a higher level than the level of 
speech or music in the legitimate theatre. 

All these considerations point to the necessity of relatively short 
periods of reverberation for the reproduction of sound in the cinema 
theatre. These considerations and the observations and experience of 
many acoustical authorities give very substantial support to the choice 
of the times of reverberation shown in Fig. 241. These times of rever¬ 
beration should be provided for two thirds of a capacity audience, which 
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will insure an acceptable condition of reverberation for either small or 
capacity audiences. The upper curve gives the optimal time of rever¬ 
beration as a function of the volume of the theatre (the auditorium 
proper) for 128 cycles, and the lower curve gives the optimal time 
of reverberation for the frequency range between 512 and 2048 cycles. 4 
The times of reverberation given in these curves are somewhat shorter 
than are advocated by some authorities, but both theory and experience 
give support to these relatively low times of reverberation. How¬ 
ever, it should be borne in mind that a departure of 10 or even 15 
per cent from these recommended times will not have an appreciable 
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Fig. 241. Recommended times of reverberation for sound picture theatres. 

effect upon the acoustics of the room, and that if the theatre is to 
be used for vaudeville or other legitimate productions it would be 
advisable to make a compromise between the time specified in these 
curves and the time specified in the corresponding curves for legiti¬ 
mate theatres. 

The shape and size of the cinema theatre do not offer the difficulties 
which are encountered in the design of legitimate theatres. Thus, it is 
not necessary to design proscenium arches, side walls, and ceilings to act 
as sounding boards in order to augment the sound reaching the audience. 
Further, the directional properties of the sound projectors are of such 
a nature that by using a number of them it is possible not only to radiate 
an adequate supply of sound energy to the most remote auditors in the 
theatre without the aid of reflections from the boundaries of the theatre, 
4 Compare with curves for legitimate theatre, Fig. 237. 
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but also to overcome the difficulties from delayed reflections in large 
theatres. 

The directional effects of loud-speaker horns are shown in Figs. 242 
and 243. These curves indicate that loud-speaker horns have a pro- 



Frequency 

Fia. 242. Directional effects of a loud speaker horn. The frequency-response 
curves are plotted for certain directions with respect to the axis of the horn. 
(Bostwick.) 



Fig. 243. Directional effects of a loud-speaker horn, showing how the sound level 
of certain frequency components decreases with increasing divergence from the 
axis of the horn. (Bostwick,) 


nounced directional effect, especially for the high-frequency components 
of sound. Thus, it will be noted that for a frequency of 4000 cycles, at 
an angle of 20° from the axis of the horn, the sound level is 10 db lower 
than the intensity along the axis of the horn. This means that if an 
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auditor sits far away from the axis of the horn he will hear the low com¬ 
ponents of the reproduced sound, but the high-frequency components 
will be largely suppressed. It is necessary therefore to use a sufficient 
number of horns and have them so oriented that all auditors will be 
located within the angle for which there is no appreciable loss of the 
high-frequency components. 

Since the sound projectors have directive properties, it is important 
that the surfaces against which these beams of sound are directed be 
relatively absorptive, otherwise difficulties are likely to arise from pro¬ 
nounced reflections, especially in large houses where the differences in 
path may be sufficient to cause interfering effects or even echoes. It is 
generally advisable therefore to treat the side and rear walls with highly 
absorptive material; experience has shown that wall treatment is prefer¬ 
able to ceiling treatment, although in some instances it is necessary to 
treat both walls and ceiling in order to reduce suitably the reverberation. 
The treatment of the walls with absorptive material also tends to main¬ 
tain a uniform rate of decay in all directions, whereas if the absorptive 
treatment be applied only to the ceiling the rate of decay is greater in 
the vertical than it is in horizontal directions, and the persistence of these 
horizontal reflections may give rise to a troublesome one- or two- 
dimensional reverberation. The treatment of the walls also eliminates 
the flutter which results from multiple reflections between parallel walls. 

Many cinema theatres are designed without balconies; it is especially 
important to use sound-absorptive material on the walls in such theatres, 
since the absence of the balcony tends to increase markedly the mean free 
path and thus prolong the reverberation. In theatres without a bal¬ 
cony it is usually necessary to treat at least the entire side and rear walls 
with a material having coefficients of sound-absorption of not less than 
0.25 at 128 cycles and not less than 0.50 at 512 cycles. It also is ex¬ 
tremely important to have all seats heavily upholstered, since the theatre 
is often attended by a comparatively small audience. 

During the first few years of sound pictures it was not necessary to 
go to great extremes in the insulation of noise since the recording and 
reproducing equipment itself introduced a noise level of about 25 to 
35 db. In the presence of such a noise, that from the outside or from the 
ventilating equipment was not disturbing. But in recent years improve¬ 
ments in the recording and reproducing equipment have almost com¬ 
pletely eliminated the ground or surface noise, and it therefore becomes 
necessary to provide a high degree of insulation against outside noise 
and to suppress adequately all inside noises. 

Since an almost unlimited amount of sound energy is available in the 
sound-reproducing equipment, it is not necessary to limit the size of the 



Fig. 244 . Cinema theatre with stenciled “ Auditec” panels on side and rear walls. 



Fig. 245. New Fox Theatre, Tucson, Arizona. “Trutone Acoustical Tile” applied 
to side and rear walls. (531) 

































Fia. 246. Warner Brothers’ Beverley Hills Theatre, California, showing “ Kalite” 
acoustical plaster on the upper side walls and in the ceiling. (B. Marcus Priteca , 
Architect.) Note the heavy ceiling decorations which were done on acoustical 
plaster with non-bridging lacquer and stenciling. 



Fiq. 247. Loew's Akron Theatre, Akron, Ohio. (John Eherson , Architect.) Sky 
affect and control of reverberation accomplished with “ Macoustic plaster.” (532) 
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theatre as it is in the case of the legitimate theatre; for example, it would 
not be difficult to design cinema theatres seating as many as 10,000 or 
even 20,000 persons. In fact, the only necessary precautions would be 
the elimination of echoes and the proper reduction of reverberation. 
There are a number of dependable types of theatre design which would 
be entirely satisfactorj'. 

A number of interiors of talking-picture theatres which have been 
successfully designed and treated for acoustics are shown in Figs. 244 to 
247. The type of material used and its extent of application are men¬ 
tioned in the legends under the photographs. In general, it may be 
stated that the material should be durable, decorative, and easy to main¬ 
tain, and it should have an absorption coefficient in excess of 0.15 at 128 
cycles and 0.30 at 512 cycles. 

If a theatre be free from defects of shape, if it be insulated against 
disturbing noise, and if it have a reverberation time shorter than about 
1.5 seconds, it will have satisfactory acoustics for talking or singing 
pictures. 



CHAPTER XXIV 


MUSIC BUILDINGS 

183. Introductory. The general theory of the acoustics of music 
buildings was developed in Chap. XVIII. In the present chapter con¬ 
sideration will be given to the practical problems which arise in the de¬ 
sign of music studios, recital halls, concert halls, opera houses, and 
dance halls. A comparison of the effects of reverberation upon speech 
and upon music demonstrates very conclusively that an excess of re¬ 
verberation can be more readily tolerated in music rooms than in speech 
rooms. In fact, a deficiency of reverberation in music rooms may be 
as objectionable as an excess. It is important therefore in the design 
of music rooms to provide a time of reverberation that will agree closely 
with the optimal time, which will depend both upon the size of the room 
and upon the type of music which will be performed in the room. (See 
Fig. 183.) The tests of W. C. Sabine showed that musical critics can 
readily detect an excess or a deficiency in the reverberation time of a 
room amounting to as little as 10 per cent. It should be the aim of all 
good design, therefore, to keep the reverberation time in a music room 
within a 10 per cent variation from the optimal time. 

Other considerations, such as the shape and size of the room, the ex¬ 
clusion of noise, and room resonance, are vitally important in deter¬ 
mining the outcome of a music room, and all these factors must be studied 
carefully in working out the acoustical design of music rooms. Specific 
problems which arise in the design of music rooms, and methods of ob¬ 
taining a satisfactory solution of these problems, will be considered 
in the following sections. 

184. Music Studios. Fig. 248 shows a plan and sections of a small 
music studio which has been designed for good acoustics. Large areas 
of wood — the floor, the greater part of the walls, and the front two 
sections of the ceiling — are used to add resonance to the room. A 
large rug, or small throw rugs, are specified for the audience end of the 
room. The floor under and about the piano is uncovered, thus adding 
resonance and volume to the tonal quality of the piano and other in¬ 
struments which make contact with the floor, as the cello. The gen¬ 
erating end of the room is thus made relatively reverberant, by the use 
of hard plaster and wood surfaces; and the listening end of the room is 
made relatively “ dead,” by the use of rugs and absorptive material in 

634 
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the ceiling and on the upper walls. This arrangement of a relatively 
reverberant and resonant space for the performers, and a relatively non- 
reverberant space for the listeners, is not only in accord with the recom¬ 
mendations of musical critics but has been demonstrated to be highly 
satisfactory in some experiments of Professor F. R. Watson. 1 (It is 
important, however, not to carry this type of treatment to extremes. 
For example, the author recently was consulted concerning the acoustics 
of a music room in which the absorptive material was located entirely 
in the rear third of the room. As a result, the front part of the room 
was too reverberant. A better condition would have resulted if the 
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Fig. 248. Acoustical study of plan and sections for a small music studio. 


absorptive material had been distributed more uniformly over the 
entire boundaries of the seated area.) 

The absorption on the end wall, the window recesses on the one side 
wall, and the broken ceiling, treated in part with absorptive material, 
all help to prevent multiple reflections between parallel surfaces, and 
also insure a uniform rate of decay of sound in the three cardinal direc¬ 
tions in the room. If, for example, all the absorbing material had been 
concentrated on the ceiling and floor, and if the ceiling had been level 
instead of broken into three sections, there would have been an excessive 
damping of sound in the vertical direction between the floor and the 
ceiling, and an excessive prolongation of the sound between the highly 
reflective and parallel walls. The room would therefore have two differ- 

iF. R. Watson, “Ideal Auditorium Acoustics,” Jour. Araer. Inst, of Architects, 
16, 259 (July, 1928). 
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ent rates of decay — one in which the rapid rate of absorption between 
the floor and the ceiling was predominant, and a slower rate of ab¬ 
sorption between the walls which became predominant after the vertical 
components were largely suppressed. This condition is always objec¬ 
tionable, and in extreme cases leads to a characteristic “ flutter ” be¬ 
tween the parallel reflecting walls. It is extremely important therefore 
in the design of music studios to distribute the absorptive material in 
such a manner as will provide an approximately uniform rate of decay 
of sound in directions parallel to the three principal axes of the room. 
The optimal times of reverberation for a small music studio, not exceed¬ 
ing 10,000 to 15,000 cubic feet in volume, is about 2.0 to 2.2 seconds at 
128 cycles and 1.1 to 1.2 seconds at 512 to 2048 cycles. Calculations 
for reverberation and for sound-insulation should be made in advance of 
construction, along the lines suggested in Secs. 180 and 158. 

In the design of buildings where many music studios are to be located 
in the same building, it is of the greatest importance that the separate 
studios be adequately insulated from each other. The insulation be¬ 
tween studios should be not less than 50 db, and in studios where com¬ 
plete insulation is required, it should be as great as 60 or 65 db. These 
amounts of insulation cannot be obtained with ordinary types of con¬ 
struction or in buildings which depend upon the windows for ventilation. 
If single-sashed windows are used, and the separation between windows 
in two adjacent rooms be of the order of 15 feet, the insulation from 
room to room via the closed windows will be of the order of 50 db. If 
the windows are opened this insulation will be reduced 2 to about 25 db. 
Either floated floors or suspended ceilings are necessary to provide 
sufficient insulation between studios on adjacent floor levels; and usually 
a double-wall partition, with an air space containing an absorptive blan¬ 
ket, is necessary between adjacent studios on the same floor level. 
Several types of floor and wall construction will be found in the tables 
on sound-insulation (see Chap. XII and especially Fig. 140) which will 
provide the required amount of sound-insulation. Since pianos and 
other musical instruments as the cello and the bass viol rest directly 
upon the floor of the studio, it is exceedingly important to provide in¬ 
sulation against solid-borne vibrations. The mounting of the floor on 
flexible steel cushions, with a flexible felt joint between the floor and the 
side walls, is one of the most effective means of preventing the trans¬ 
mission of this solid-borne vibration. 

If artificial ventilation be provided for the building it is also necessary 

* Measurements by the author of the sound-insulation between two adjacent office 
rooms showed that the average insulation value varied from 25 db with all windows 
open to 45 db with all windows tightly closed. 
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to provide adequate insulation in the ducts between adjacent studios. 
It is possible to design filters which can be placed in the ducts between 
adjacent openings which will provide the required amount of insulation. 
The heating and ventilating contractor should be required to guarantee 
an amount of insulation equivalent to the insulation of the wall section 
separating the adjacent rooms. In some instances separate ducts are 
run from each room to the ventilating fan, but this is a much more ex¬ 
pensive procedure, and if the filter sections are properly designed they 
will be fully as effective. 

Where studios are located near each other, and face the same corridor, 
it is extremely important that heavy and tightly fitting doors be used. 
Rubber or felt strips should be placed around the edges of the door so 
that the door will seal tightly into the frame. The transmission of 
sound from studio to studio by the route of the doors will be further 
reduced by the use of highly absorptive material for the walls and ceilings 
of the corridors. 

Fig. 249 shows a typical floor plan and details of the floor, ceiling, and 
walls of the Sherman Square Studios, New York, Tillon and Tillon, 
architects, in which the sound-insulation is reputed to be very good. 
The door jambs are felted so that all doors close tightly, and the doors 
to adjacent rooms are far apart. The heating supply risers to each 
apartment are separate, and the vent shafts for service pantries and 
bathrooms are separated from each studio by two or more partitions. 
The corridor walls are finished with acoustical plaster. 

186. Recital Halls. The acoustical design of a recital hall will follow 
very closely the design of a music studio, as outlined in the preceding 
section. In general, the only difference will be in regard to the size of 
the room. Since the recital hall is usually larger than a studio, it is 
necessary to design the room of such a shape and size as will eliminate 
every possibility of echoes, interfering reflections, and sound foci. The 
plan and sectional drawings shown in Fig. 250 incorporate the principal 
features of good acoustical design. The stage floor is wood, and is 
surrounded by diverging wood walls and ceiling. If doors are used in 
the side walls of the stage, as indicated, they should be nearly flush with 
the inner wall surfaces, so that the full value of the reflecting side walls 
will be unimpaired. The reverberation is controlled by the use of 
absorptive material in the rear half of the ceiling and on the rear wall. 
If additional absorptive material be required, it can be extended forward 
another section in the ceiling. The use of heavily upholstered seats is 
recommended as a means of providing a uniform condition of reverbera¬ 
tion for either small or capacity audiences. 

The most satisfactory times of reverberation for a recital hall which 
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has a volume of about 25,000 to 50,000 cubic feet, and which will be 
used for all kinds of musical programs, will be about 2.6 seconds at 128 
cycles and about 1.3 seconds at 512 to 2048 cycles. (See Fig. 183, 
Chap. XVIII.) Materials should be used which will be relatively re¬ 
flective for frequencies above 2000 cycles. This will overcome the high 
absorption in the air at high frequencies, and thus preserve the true 
tonal quality of music. The use of a very smooth hard plaster — pref¬ 
erably painted and of varnished wood will help greatly to preserve 
the high-frequency components of music. On the other hand, the use 
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Fio. 250. Acoustical study of plan and longitudinal section for a recital hall. 

of thin wood paneling — preferably not more than J inch thick, and with 
variable spacing of the studding or furring strips for the paneling — will 
help to provide both the high absorption and the rich resonance required 
for the low-pitched tones. According to Fig. 183, the optimal timo of 
reverberation will depend upon the type of music which is to be played 
in the room. In the better type of recital hall it therefore would be 
desirable to be able to adjust the reverberation time to both the size of 
the audience and the type of music which will be played in the room. 
Thus, solo and chamber music would sound better with a relatively short 
period of reverberation, whereas choruses and organ music would re¬ 
quire a relatively long period of reverberation. The use of a variable 
number of rugs on the floor, or of heavy hangings drawn either across 
the windows or to the sides of the windows, provides a simple means for 
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controlling the reverberation. Or a controllable shutter in the ceiling 
which could be adjusted so as to cover either partially or completely 
an absorptive treatment of the ceiling would afford a more flexible and 
satisfactory means for controlling the reverberation. 

186. Concert Halls. The acoustical design of a concert hall differs 
from that of a recital hall in the important properties of shape and size. 
The cubical contents of a concert hall may be anywhere between about 
150,000 cubic feet and 1,000,000 cubic feet, and in the larger halls it is 
extremely important that the shape be of such a nature as will avoid 
troublesome reflections. The size of the concert hall should be governed 
by the size of the orchestra as well as the size of the audience it is to 
accommodate. Thus, an orchestra of about forty or fifty will sound best 
in a concert hall having a volume of about 100,000 to 200,000 cubic feet, 
and a complete symphony of about ninety to one hundred and ten in¬ 
struments will give the best acoustical effect in a hall having a volume 
of about 300,000 to 800,000 cubic feet. Considerable latitude may be 
exercised in determining the most favorable size of a concert hall, since 
a variation of 100 per cent in the size of the room will make a difference 
of only 2 or 3 db in the average sound level of music in the room. (See 
Sec. 143.) However, it would be a mistake to crowd an orchestra of 
one hundred into a small hall or to expect a small orchestra to sound right 
in a large hall. 

In connection with the acoustical design of concert halls, it will be 
instructive to consider the acoustical aspects of a number of existing 
halls in Europe. 

(a) Albert Hall , London. This hall, of royal fame, is interesting 
because it exhibits nearly all the acoustical defects which should be 
avoided in the design of concert halls. Two sections of the hall are 
shown in Fig. 251. The hall is excessively reverberant; there are nu¬ 
merous echoes, delayed reflections, and sound concentrations owing to 
the high, concave ceiling; and there are no adequate reflecting surfaces 
in close proximity to the orchestra platform. As is shown in the sectional 
drawings in Fig. 251, the reflected sound from the ceiling may be delayed 
as much as 200 feet behind the direct sound, or nearly one fifth of a 
second; and with the converging effect of the concave ceiling the re¬ 
flected sound may be as loud as the direct sound. The installation of the 
indicated velarium has helped to reduce these concentrated reflections 
but they yet constitute a serious annoyance, especially on the main floor. 

(ft) Salle Pleyel, Paris. The Salle Pleyel in Paris, a large concert 
hall erected in 1927, has been proclaimed by many, including some 
engineers, 3 as the solution of the problem of architectural acoustics. 

* P. Calf as, “La Nouvelle Salle de Concert Pleyel,” G6nie Civil (October 29, 1927). 
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Fra. 251. Sections of Albert Hall, London, showing defects of shape. ( BagenaL ) 
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At the same time, it has received unfavorable criticism from other 
sources. 4 The form of the hall represents a rather wide departure from 
conventional shapes; if it does not prove as epochal as its sponsors had 
anticipated, it at least provides a large and important experiment in 
the acoustics of music rooms, and it undoubtedly will exert a helpful 
influence on future design. 

The shape of the concert hall embodies several features of good acous¬ 
tical design, as can be seen from the plan and two sections of the hall in 
Figs. 252 to 254. Exclusive of the stage, it is 164 feet long, 68 to 102 
feet wide, and about 64 feet from floor to ceiling. The auditorium seats 
3000 persons, and the stage will accommodate a combined chorus and 



orchestra of 500. The plan shows how the side walls diverge in fan 
shape, allowing a good view of the stage, as well as a free flow of sound 
from the stage to the audience, by both direct and reflected sound. The 
side walls are not vertical but incline inwardly, and thus favor the 
reflection of sound down toward the audience. The non-parallel walls 
also help to prevent multiple reflections between the side walls, a defect 
which is sometimes noticeable in rooms with parallel walls. 

But the chief acoustical interest in Salle Pleyel lies in its longitudinal 
section, which is made up of three nearly parabolic sections each 22 feet 
high, and all having their foci near the central part of the stage. These 
three sections provide a nearly uniform flow of once-reflected sound to 
all seats in the parquet and the balconies. This reflected sound is not 
delayed enough to produce an echo, but because of the great height of 
the ceiling some of the reflected sound is delayed enough to produce a 

4 See, for example, Osswald, u Akustische Parabelsalle,” Schweizer Bauzeitung, 95, 
3 (January 25, 1930). 



Fia. 253. Cross section of Salle Pleyel, showing the inclination of the side walls. 



Fig. 254. Longitudinal section of Salle Pleyel, showing the approximately parabolic 
ceiling. 
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slight interfering effect in the central portion of the parquet. This 
interference, however, cannot be detected by the ear except during very 
rapid movements. 

The shape is admirable for directing an abundant supply of sound 
energy to the audience, so that even the softest tones of the violin are 
heard clearly in all parts of the auditorium. The shape, however, offers 
a difficulty in its reversible reflection of sound. That is, noises origi¬ 
nating in the audience are reflected toward and concentrated upon the 
stage. This often produces an annoyance to both performers and con¬ 
ductor, and it constitutes the most serious objection to halls of this 
shape. 

The history of the control of reverberation in Salle Pleyel is instructive. 
It was constructed initially without regard to the customary calculations 
of reverberation. The walls and ceiling were hard plaster over reen¬ 
forced concrete. The acoustical engineer, Gustave Lyon, who was 
largely responsible for the design, proceeded on the principle that it is 
the once-reflected sound that largely determines the acoustical quality 
of a room, and he wanted to favor this reflection as much as possible. 
As initially completed, the time of reverberation in the empty auditorium 
was, according to Osswald, 6 slightly over 4.0 seconds, and with 2000 per¬ 
sons present it was about 2.2 seconds. Subsequently some vegetable 
felt material was introduced on portions of the side walls above the bal¬ 
conies, and on the faces of the balcony rails. This reduced the rever¬ 
beration time to about 2.0 seconds, with an audience of 2000. After 
a fire in the hall, in 1928, a large amount of mineral felt was installed 
in the soffits of the balconies, the ceilings above the balconies, and on 
the side walls above the balconies. In addition, the floor was heavily 
carpeted and very absorptive upholstered seats were installed. In 
August, 1930, with the auditorium in this condition, the author made 
some reverberation measurements with a 512-cycle organ pipe and 
obtained a time of reverberation of 1.75 seconds with no audience 
present. With an audience of 2000 persons the reverberation time 
would not exceed 1.55 seconds, and with a capacity audience of 3000 
it would be about 1.45 seconds. These are rather short reverberation 
periods for a room having a volume of nearly 800,000 cubic feet, but no 
complaints are made about the room being too dead. Although the 
absorptive treatment was added primarily for the purpose of preventing 
the reflection of audience noise to the stage, it is probable that its 
effect upon reverberation was also a potent factor in providing an im¬ 
proved acoustical condition in the hall. The acoustical properties of 
the hall, in its present condition, are highly satisfactory. 

8 Loc. cit. 
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(c) Musikvereinssaal and Konzerthaus } Vienna . There are two con¬ 
cert halls in Vienna which afford an interesting comparative study of 
room acoustics. The Musikvereinssaal enjoys an unusually fine repu¬ 
tation— both performers and listeners proclaim it as an ideal hall. 
The Konzerthaus, on the other hand, which is approximately of the 
same size and shape, and which has nearly the same time of reverbera¬ 
tion at 512 cycles, is not held in as high repute as is the Vereinssaal, 
either by performers or listeners. Fig. 255 shows approximate plans of 
both the Musikvereinssaal 
and the Konzerthaus. The 
Musikvereinssaal is rectan¬ 
gular in shape, has a flat 
ceiling about 50 feet high, 
a volume of about 290,000 
cubic feet, and side and rear 
balconies, and it seats about 
1800 persons. The Konzer¬ 
thaus is approximately rec¬ 
tangular in shape, but has 
a concave wall behind the 
stage, and a slightly concave 
ceiling. There are loges on 
the sides, and a balcony and 
gallery at the rear. The 
ceiling height is approxi¬ 
mately 57 feet, and the seat¬ 
ing capacity is 2076. The 
volume of the Konzerthaus 
is approximately 420,000 
cubic feet. 

All floors in the Musik¬ 
vereinssaal are exposed 
wood, the walls are plaster 
on brick, except the stage 
walls which are wood, and 
the ceiling is suspended lath and plaster. The plaster is a three-coat job, 
is fairly soft (according to a knife test), and is finished with a special 
plastic material which is so soft and elastic that it yields perceptibly to 
even the pressure of one’s knuckles. The surface has been sized with a 
starchy material &nd decorated with a flat porous paint. The only fabric 
in the room is a narrow hanging around the rail in front of the loges, 
which totals about 700 square feet. 
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Fig. 255. Approximate floor plans for the Vienna 
Konzerthaus and the Vienna Musikvereinssaal. 
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The main floor of the Konzerthaus is wood, the floor in the loges is 
covered with a thin carpet, and the floor in the balcony is covered with 
linoleum. The walls are hard plaster on concrete, covered with damask; 
and the ceiling is plaster on concrete slab. The seats are upholstered 
with a padding less than 1 inch thick. There is therefore consider¬ 
able material (damask on walls below balcony and on the rear walls 
above balcony and gallery, thin carpet on part of the floor, and thin 
cushions on the seats) which is highly absorptive for high-pitched sound 
and only slightly absorptive for low-pitched sound. 

The Musikvereinssaal is free from echoes, interfering reflections, and 
sound foci. The Konzerthaus has a number of echoes and sound foci, 
owing to reflections from the concave wall behind the orchestra plat¬ 
form, and from the concave ceiling. 

The reverberation times in the two halls, based upon measurements 
made in the empty halls with a 512-cycle organ pipe, are given in the 
following table: 


Size of Audience 
No audience 
Two thirds filled 
Capacity audience 


Musikvereinssaal 
5 1 seconds 
1 8 
1.35 


Konzerthaus 
4 6 seconds 
2 2 “ 

1 6 


If these two halls were appraised on the basis of the generally approved 
reverberation times for music rooms, the Konzerthaus probably would 
be given the higher acoustical rating, which is just contrary to a definite 
preference for the Musikvereinssaal. What then are the physical facts 
which are responsible for the superior acoustics in the Musikvereinssaal? 
They appear to be the following: 

1. The shorter time of reverberation in the Musikvereinssaal with 
an audience present. 

2. The over-absorption of the high-frequency and the under¬ 
absorption of the low-frequency components in the Konzerthaus, 
owing to the damask-covered walls, the carpet in the loges, and the 
hard plaster on concrete. 

3. The better shape and size of the Musikvereinssaal, thus elimi¬ 
nating sound foci and delayed reflections, and providing an adequate 
loudness without the support of excessive reverberation. 

4. The large area of resonant materials in the Musikvereinssaal, 
such as wood and plaster on lath, which seems to enhance the quality 
of music. 

(d) Leipzig Gewandhaus. The Leipzig Gewandhaus is quite uni¬ 
versally regarded as a model among the concert halls of the world. The 
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plan and sections for this room, as prepared by Bagenal, 6 are shown 
in Fig. 256. W. C. Sabine 7 and Bagenal have described the acoustical 
properties of this hall, and have calculated its reverberation period at 
512 cycles. From the standpoint of shape it is much like the Musik- 
vereinssaal except that the corners both in plan and section are coved. 
It has a volume of 360,000 cubic feet. It is free from delayed reflections, 
echoes, and harmful foci; and it is bounded by surfaces which have good 
reverberation characteristics and are well suited for resonance — lime 
plaster on wood lath, wood floor, and a large area of wood paneling. 
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Fig. 256. Plan and sections for the Leipzig Gewandhaus. 


Sabine calculated the reverberation time at 512 cycles as 2.30 seconds, 
with a capacity audience; Bagenal calculated it as 4.2 seconds, empty, 
and 1.99 seconds with a capacity audience. The discrepancy between 
the two calculations is largely attributed to differences in the ceiling 
height — Sabine had to depend upon measurements which were fur¬ 
nished him from abroad, and the ceiling height he used was too high. 

In September, 1930, the author obtained some measurements of the 
reverberation time in the empty hall. The measured time was only 
2.4 seconds. The seats were covered with a light canvas spread over 
the entire seated area, which introduced some uncertainty in calculating 

8 Hope Bagenal, “The Leipzig Tradition in Concert Hall Design,” Jour. Royal 
Inst, of Brit. Arch., p. 756 (September 21, 1929). 

7 W. C. Sabine, “Collected Papers on Acoustics,” 60-68. 
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the reverberation for different-sized audiences, but if each seat as cov¬ 
ered be assumed to have an absorption of 2.5 sabines, which is approxi¬ 
mately correct, the time of reverberation with a capacity audience of 
1560 and an orchestra of 80 will be of the order of 1.5 seconds. This 
is 0.8 second shorter than W. C. Sabine’s, and 0.5 second shorter than 
Bagenal’s, calculated times. But a large part of this difference is 
attributable to the difference between the old and the new reverberation 
formulas, and the remainder can be attributed to errors of measurement 
or in estimating the coefficients of the plaster and wood surfaces in the 
room. 

Although it would be desirable to obtain more precise measurements 
in the Gewandhaus with an audience present, there is ample evidence 
that the reverberation time with a capacity audience is not much, if 
any, in excess of 1.5 seconds. Here, as in the Musikvereinssaal, good 
acoustical properties are identified with rather short reverberation times 
(1.35 and 1.5 seconds at 512 cycles, and about double these values at 
128 cycles), with shapes that are free from pronounced concave surfaces, 
and with rooms that are bounded, in large part, with resonant materials. 
Finally, both the Gewandhaus and the Vereinssaal are remarkably free 
from outside noises. 

(e) Beethoven Saal , Berlin. Beethoven Saal in Berlin is of conven¬ 
tional rectangular shape, seats 1000 persons, and has a volume of about 

225,000 cubic feet, a measured reverberation 
time of about 4.0 seconds, empty, and a cal¬ 
culated time of 1.7 seconds with a capacity 
audience. The floor is wood; there is a 
wainscot of hard wood around the entire room 
including the orchestra platform; the upper 
walls around the platform or stage are lined 
with an absorptive felt covered with brocaded 
cloth; and the walls and ceiling of the main 
part of the hall are of hard or ornamental 
plaster. The room does not enjoy a high rep¬ 
utation in the matter of acoustics, although it 
is regarded as satisfactory by some authori¬ 
ties. It would appear that the felt treatment 
on the upper walls of the stage had been in¬ 
troduced as a corrective measure for excessive 
reverberation. The result is a rather dead 
stage and a too reverberant auditorium, and it is likely that this con¬ 
dition constitutes a cause for complaint. In addition, the hall is not 
adequately insulated against outside noise. 



Fig. 257. Plan of Queen's 
Hall, London, showing con¬ 
centration of reflections 
from the rear wall. 
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(/) Queen’s Hall , London. Queen's Hall, shown in plan in Fig. 257, 
having a volume of 420,000 cubic feet and a seating capacity of 2000, 
possesses very good tonal quality although there are one or two im¬ 
perfections owing to curved surfaces. As is shown m the figure, sound 
originating at any point on the stage is brought to a conjugate focus in 
the rear central part of the main floor. Although the path differences 
are not great enough to produce a distinct echo, some of them are great 
enough to cause interfering effects, and in addition the focusing effect 
of the curved rear wall over-emphasizes the intensity of certain instru¬ 
ments at the expense of others. 

In the matter of reverberation and resonance Queen's Hall has very 
good acoustical quality. The large areas of wood flooring and wood 
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Fig. 258. Reverberation times (at 512 cycles) in concert halls and music rooms 
having good acoustics. 

paneling impart richness and sustenance to tonal quality, and the con¬ 
vex splayed walls on either side of the stage give a good flow of sound 
energy to the audience. The reverberation time in Queen's Hall is 
about 3.5 seconds empty, and 1.6 seconds with a two-thirds capacity 
audience. 

The times of reverberation (at 512 cycles and for two thirds of capacity 
audience) for a number of concert halls which are reputed to have good 
acoustical quality have been plotted in Fig. 258. The reverberation 
time is plotted as a function of the volume of the concert hall. Although 
there is a general trend of increasing reverberation time with increasing 
size of the concert hall, there are considerable deviations from any 
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straight-line relationship between size and reverberation time. Thus, 
the Musikvereinssaal, the new Gewandhaus, and Queers Hall are nearly 
all of the same size, but there are appreciable differences in the times of 
reverberation — amounting to about a quarter of a second for Queen’s 
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Fig. 259. Acoustical study of a concert hall. 


Hall and the Musikvereinssaal. Thus, as has been mentioned before, 
experience seems to indicate that differences of one or two tenths of a 
second from the optimal time of reverberation can be readily tolerated. 
This is fortunate since it allows the architect considerable freedom in 
his choice of materials for the control of reverberation. The times of 
reverberation for capacity audiences in the halls charted in Fig. 258 
are in fairly good agreement with the optimal times based upon the 
theoretical considerations in Sec. 146. 

In Fig. 259 are shown a plan and sectional sketch of a concert hall 
embodying the essential features of good acoustical design. The 
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diverging walls and ceilings surrounding the orchestra space are of wood 
or plaster on lath, and not only reflect an abundant supply of sound to 
the audience, but enable the different individuals in the orchestra or 
chorus to hear each other — and the instruments or singers far away 
are heard nearly as well as those close by. The wood floor and the wood 
paneling provide large areas having a good absorption characteristic 
for low, medium, and high frequencies, and also add resonance to the 
room. The rear wall is straight rather than concave so that the sound 
reflected back toward the stage will not be convergent. The rear wall 
should be treated with absorptive material, and broken with doors or 
hangings or other ornamentation which will reduce the reflection from 
this surface. The concert hall should be equipped with heavily uphol¬ 
stered seats so that the acoustical properties of the room will be largely 
independent of the number of auditors present. In general, no addi¬ 
tional absorptive material will be required if the volume per person be 
kept as low as about 200 cubic feet. 

187. Opera Houses. In general, the acoustical requirements for 
opera houses do not differ from those for concert halls. Most forms of 
choral music call for slightly longer periods of reverberation than are 
required in orchestra halls, but on the other hand shorter reverberation 
times make it easier for auditors to recognize the words in songs. Meas¬ 
urements and observations made in several of the leading opera houses 
in Europe reveal that the reverberation time is usually very short — 
not more than 1.6 seconds with no audience present in the Royal Opera 
Houses in Berlin (Unter den Linden), Vienna, and Budapest, and only 
one or two tenths of a second longer than this in the opera houses at 
Paris, Leipzig, and Dresden. In the Berlin Opera House, for example, 
the measured time in the empty auditorium with the asbestos curtain 
down is only 1.55 seconds, and it is certainly shorter than this with 
an audience present. Nearly all the European houses are of the con¬ 
ventional horseshoe shape, with three or four levels of boxes, balconies, 
or galleries completely encircling the rear and side walls. This not only 
brings the audience near'the stage but it provides a highly absorptive 
surface for nearly the entire interior of the auditorium, with the ex¬ 
ception of the ceiling. With an audience present — and an audience is 
nearly always a capacity audience at the opera — the time of reverbera¬ 
tion in these famous opera houses does not exceed 1.3 to 1.4 seconds. 
The Berlin Opera House appears to be slightly dead for Wagnerian 
operas, but the short reverberation times in the Berlin and Vienna 
opera houses are exceptionally meritorious for the melodious music of 
such composers as Verdi and Mozart . 

In contrast with most of these famous opera houses in Europe, all 
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having relatively short periods of reverberation, the Wagner Theatre 
at Bayreuth has a relatively long period of reverberation. According 
to calculations made by Bagenal, 8 the reverberation time in the empty 
auditorium is 7.4 seconds; with a one-third audience it is 4.0 seconds; 



Fro. 260. Flan of the Wagner Theatre at Bayreuth. (Bagenal and Wood.) 


and with a capacity audience it is 2.25 seconds. These times are based 
upon the Sabine reverberation formula, and therefore are slightly high, 
but on the basis of the newer formula the reverberation period would 
be over 2.5 seconds with two thirds of a capacity audience and approxi¬ 
mately 2.0 seconds with a capacity house. The Bayreuth Theatre is 
especially adapted for Wagnerian music, and music lovers and critics 
• Bagenal and Wood, “Planning for Good Acoustics," 187. 
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throughout the world acclaim it with the highest praise. In fact, many 
critics are so enthusiastic in their praise that they state that Wagnerian 
opera has not been heard until it has been heard in the Wagner Theatre 
at Bayreuth. At the same time, most of these same critics are agreed 
that the Wagner Theatre is not suited to the lighter and more melo¬ 
dious music of the Italian composers. 

The outstanding characteristics of the Wagner Theatre, besides its 
long reverberation time, are the fan shape, steeply sloping ramp on 
which most of the audience is seated, and the deep orchestra pit extend¬ 
ing under the stage. (See Figs. 260 and 261.) Wagner’s chief aim was 
to unify the orchestra with the singers rather than interpose the orchestra 
between the singers and the audience, and it appears that the Bayreuth 
pit has been very successful in accomplishing this end. The orchestra 
pit is made large enough to accommodate an orchestra of 130 instruments. 
The brass and drums are placed at the bottom of the pit, and the over¬ 
hang of the stage floor helps very much to tone down the intensity of 
these instruments. Further, the sound from all the musical instruments 
is well blended before it emerges from the pit opening. In this manner 
the orchestra is made to support rather than submerge the singing on 
the stage, and the unity of the entire musical effect is remarkably fine. 

It is apparent, therefore, that the acoustical requirements of an opera 
house, like other music rooms, will depend upon the type of music which 
is to be performed. The plan and sectional sketches shown in Fig. 262 
embody features which represent a reasonable compromise for different 
types of opera, especially in this country where the seating capacity 
must be large and the seats confined to the main floor and a single bal¬ 
cony. 9 The walls and ceiling follow somewhat the general fines of the 
new Chicago Opera House. They diverge from the stage opening in 
rectangular steps, and thus provide the principal advantages of the fan 
shape; that is, they reduce the volume of the auditorium and give diffuse 
but useful reflections to auditors both on the main floor and in the bal¬ 
cony. The diffuse reflections from the angular surfaces on the side walls 
and in the ceiling are also helpful in preventing concentrations, echoes, 
and interfering reflections. The deep orchestra pit with a projection 
under the stage, and the rather high partition between the orchestra and 
the audience, help to maintain a proper balance between the orchestra 

• There is an unfortunate tendency in this country to build excessively large opera 
houses. In some instances they are so large that many soloists are unable to gen¬ 
erate sufficient energy to *'‘ fill ’*' the auditorium. The volume of the auditorium should 
not exceed about 500,000 cubic feet, and the stage setting should be designed in such 
a manner as will divert the sound to the auditorium rather than permit its wastage 
in the large spaces above and around the setting. 
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Fig. 261. Section of the Wagner Theatre at Bayreuth. (Bagmal and Wood.) 
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and the singers. By placing the brass instruments and drums in the 
rear part of the pit they are not heard too loudly. Enclosed wood veneer 
sets, with diverging walls and sloping ceiling, for example, as is indicated 
on the sketches by dotted lines, should be used whenever possible. 
This can be done for many interior scenes, and should always be done 
when the opera house is used for a symphony orchestra, a concert band, 
or for speaking purposes. The use of highly absorptive hangings for 
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Many dance halls are de- 

fective because of circular or elliptical shapes. As a rule, such shapes 
give rise to troublesome concentrations, and in some instances to 
sound interferences or even echoes. A hall, approximating a rectangle 
in plan, and having a low, level ceiling of high reflective power, is likely to 
prove the most satisfactory. If the size of the hall demands a ceiling 
height in excess of about 35 feet it is necessary, as a rule, either to 
coffer the ceiling or break up its surface in some other manner so as 
to prevent regular reflections which will produce interferences or 
echoes, or to elevate the orchestra platform sufficiently to avoid these 
troublesome reflections. In most instances the best location for the 
orchestra platform is on the side of the hall midway between the two 
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ends of the hall. The platform should be elevated at least 3$ or 4 
feet above the dance floor, and the floor of the platform should be 
stepped up toward the rear. The platform should be enclosed by a rear 
wall, diverging side walls, and a sloping ceiling. The floor of the plat¬ 
form should be wood, and the walls and the ceiling should be either wood 
or hard plaster. The matter of reenforcing the orchestra by an efficient 
sounding board is quite important since most dance halls employ a 
smaller orchestra than is needed to supply the required loudness level 
of sound. 

The optimal times of reverberation for dance halls will vary between 
about 1.25 seconds for a hall having a volume of 25,000 cubic feet and 
about 1.8 seconds for a hall having a volume of 500,000 cubic feet. 
These times of reverberation are for 512 cycles. The reverberation times 
at other frequencies should be such that the reverberation characteristic 
for the room will resemble that given in Fig. 182. The optimal time of 
reverberation should be provided for the probable average attendance, or, 
if this be uncertain, for two thirds of capacity attendance (allowing 10 
square feet per couple). The absorption per person in a dance hall is 
a quantity which depends upon the variable fashions of dress, but the 
assumption of 4.0 sabines per person will lead to satisfactory results. 
If the ceiling height of the hall be less than 30 feet, the ceiling should be 
left smooth and reflective so that it will be an effective sounding board, 
and the required absorptive material should be applied to the walls, or 
to the floor surrounding the dancing space. It often happens that the 
dance hall is surrounded by logos, or a lounging space. The use of 
carpet and upholstered furniture in these parts of the hall will often be 
sufficient to reduce the reverberation time to a suitable value. 



CHAPTER XXV 

HOTELS, APARTMENT HOUSES, AND RESIDENCES 

189. Introductory. The noise incident to modern life, especially in 
urban centres, places a high premium upon quiet in the home. City 
dwellers in all parts of the world are demanding that their living quar¬ 
ters be insulated against both outside noise and the noise from their 
neighbors. Throughout the day, either at work or at play, man is dis¬ 
traught by the incessant din of machinery, automobiles, and all types of 
reproduced sound. When he is at home he wants to be free from the har¬ 
assing noises which throughout the day have worn upon his nerves. In 
several foreign countries the building codes require that hotels and apart¬ 
ment houses provide a specified minimal amount of sound- insula tion 
between separate rooms or family units. In Hungary, for instance, 
this required amount of insulation is equivalent to the ins ula tion of a 
6-inch brick-and-mortar wall. Such a wall will provide approximately 
45 to 50 db of insulation, and in general this is sufficient for nearly all 
practical purposes in the construction of hotels and apartment houses. 
It is probable that building codes in our own country will soon call for 
an adequate amount of sound-insulation between the separate units in 
apartment houses and hotels. The need for such insulation is urgent, 
and rapid progress is being made in the development of effective and 
economical methods for obtaining this much-needed insulation. 

There has been a widespread promiscuity in the use of various so- 
called insulating materials in the construction of hotels, apartment 
houses, and other buildings. Many of these materials when properly 
used are very effective in the insulation of sound; whereas other uses of 
these same materials may be only a waste of money and material with¬ 
out added insulation. For example, a number of years ago the author 
made an investigation of the relative and absolute values of different 
sound-insulation materials which are ordinarily used between matched 
and rough flooring, or between wall or ceiling partitions. Measure¬ 
ments of the insulation supplied by different floor models indicated that 
all porous materials placed directly between rough and finished flooring 
were useless for the insulation of air-borne sound, such as conversation 
or the music from a radio or phonograph. If the rough flooring was of 
the usual 1 inch by 6 inch Oregon pine, with fairly large cracks between 
the separate boards, slightly more sound (256 to 512 cycles) was trans- 
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mitted through the floor section when the porous material was placed 
between the rough and finished flooring than when the porous material 
was omitted. The situation is different when the sub-flooring also is 
matched, in which case the use of suitable porous materials between the 
sub-floor and the finished floor has some insulation value. Also, the 
use of such porous and flexible materials between the finished and sub¬ 
floor is of considerable value in preventing the transmission of solid- 
borne sounds. (See Sec. 94.) The flexible material should then be 
used as a cushion to prevent the vibrations which are set up in the fin¬ 
ished floor from being transmitted to the sub-floor. When the finished 
floor is properly cushioned or floated , it not only provides a high degree 
of insulation against impact noises but it also contributes to the insula¬ 
tion against air-borne noise. 

It probably is appropriate to repeat once more the statement that air¬ 
borne sounds are best insulated by the use of two or more partitions 
structurally separated from each other, or by heavy, non-yielding walls 
and partitions. In separated partitions the use of sound-absorptive 
materials in the air spaces between the rigid partitions is of definite value, 
since the absorptive action of the material reduces the intensity of the 
sound which can be communicated to the adjacent partition. In single 
rigid partitions, most of the sound energy which is communicated through 
the room is by means of the mass vibration of the entire wall or partition. 

190. Hotels. There are two types of rooms in hotels which require 
consideration with respect to acoustics: (1) community and social rooms, 
such as lobbies, dining rooms, ball rooms, convention rooms, and the 
corridors; and (2) guest rooms. The principal requirements in the 
community and social rooms are the proper control of reverberation, and 
adequate insulation against noise from the outside or from adjacent 
rooms. The curve for the optimal time of reverberation for rooms which 
are used for botli speech and music, as school auditoriums (see Fig. 187), 
will serve as a guide for determining the best time of reverberation for 
these community and social rooms. The acoustical problem in guest 
rooms is primarily one of sound-insulation, although it also is necessary 
to have enough absorptive materials in these rooms to reduce the re¬ 
verberation time below 1 second. In hotels which depend upon open 
windows for ventilation — and nearly all hotels are in this class — the 
amount of insulation which can be provided between rooms of against 
outside noise usually is determined by the windows or by connecting 
doors. The amount of insulation between two adjacent rooms when 
the windows for both rooms are open is not more than about 25 db. 
When the windows are tightly closed the insulation over this route may 
be as high as 50 to 55 db. It is apparent therefore that the only mA«nq 
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of providing a satisfactory condition of quiet in metropolitan hotels is 
to provide mechanical ventilation for all rooms and to install windows 
which can be kept permanently closed, or to design suitable window 
mufflers which will admit air but exclude noise. 1 In very noisy locations 
double-sashed windows may be necessary. 

In order to determine the amount of insulation required in the ex¬ 
terior walls, noise surveys should be made in the proximity of the pro¬ 
posed site in advance of construction. Then the exterior walls should 
be designed to provide an amount of insulation which will reduce the 
noise reaching the guest rooms to a level of not more than 15 or 20 db. 
Thus, if the outside noise be at a level of about 65 db, the reduction 
supplied by the outside walls and the absorptive material in the room 
should amount to 45 or 50 db. Double-sashed windows separated by an 
air space of at least 4 inches and walls equivalent to 6 or 8 inches of 
masonry or concrete will be required to provide this amount of insula¬ 
tion. Also, since the noise level of average conversation in a small room 
is of the order of 65 db, the amount of insulation between adjacent guest 
rooms should be not less than 45 db. If the rooms are connected by 
doors, there should be two doors in each frame. The two doors should 
be separated by an air space of not less than 4 inches, and both doors 
should fit tightly against the jamb. The required amount of insulation 
between guest rooms will not be supplied by ordinary channel iron or 
wood stud and plaster partitions, or by plastered gypsum or clay tile 
partitions. It is necessary therefore to select a type of wall construc¬ 
tion which will have an insulation value in excess of 45 db. A staggered 
stud partition, plastered to a total thickness of J to 1 inch on each side, 
and with an absorptive blanket suspended between the studding, will 
usually be sufficient. Other types of wall, floor, and ceiling construc¬ 
tion providing this required amount of absorption will be found in the 
tables on sound-insulation. (See Chap. XII and especially Fig. 140.) 
The floors of all guest rooms and corridors should be carpeted over a 
£-inch carpet pad. This will take up the noise of footfalls, and will 
help very much to prevent the transmission of other impact sounds. 
The telephone bell should be mounted on a portable telephone table 
rather than on the solid wall. All points of contact between the pipes 
and the solid structure of the building should be broken by means of a 
flexible felt wrapping. Plumbing fixtures should be selected which will 
operate quietly, and all other sources of noise such as the heating and 
ventilating equipment, the elevators, and other apparatus should be 
thoroughly insulated from the solid structure of the building and housed 

1 A number of such mufflers have been developed in recent years, and some of them 
are effective both for excluding noise and for providing air. 
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in rooms which provide sufficient insulation against air-borne noise to 
prevent the machinery noises from reaching the guest rooms. 

191. Apartment Houses. The demand for soundproof apartments 
increases with the growth of cities and the machine age. More and more 
units are crowded into a single building, and the mounting costs of build¬ 
ing sites in large cities make it necessary to reduce to the utmost unused 
space. Even the partitions between separate rooms and units must 
be as thin as possible. This type of investment economy often defeats 
its own purpose, and though tenants may not be willing to pay a large 
premium for quiet apartments, the quiet ones will be in demand and the 
“ turnover ” will be slow. 

In the large metropolitan apartment house the acoustical problem is 
not essentially different from that already discussed in connection with 
hotels, and the principles and recommendations set forth in the preceding 
section can be followed in the design of large Class A apartment houses. 

The all-important problem in the design of apartment houses is the 
insulation of sound, and from what has been said repeatedly it is ob¬ 
vious that the question of sound-insulation is not a simple matter of the 
selection of materials, but an involved problem in design and methods of 
construction. In the chapter on the insulation of sound and in the tables 
on the insulation values of different types of construction, it will be pos¬ 
sible to find wall and floor partitions which will be adapted to different 
types of apartment construction. For satisfactory insulation between 
the separate units in an apartment house it is necessary to provide a 
noise reduction of at least 45 to 50 db. It is of course impossible to 
provide this amount of insulation between adjacent units when the 
windows are open, especially when the separate units face a narrow court 
with high walls. In such cases, the insulation between adjacent rooms 
will not be more than 25 db with the windows open, and often may be 
very much less than this, but the insulation may increase to 45 or 50 
db with the windows tightly closed. It therefore is desirable to design 
the walls to provide an amount of insulation comparable with the in¬ 
sulation via the route of the closed windows. If provision can be made 
for ventilation by standard methods of air conditioning, or by means of 
the corridors and transoms, it will be possible to keep the windows 
closed, at least when quiet is desired, and thus remove the most potent 
of all means of transmitting sound from room to room, or fronrunit to 
unit. There is no escape from a procedure of this type if adequate 
sound-insulation is to be provided for apartment houses. 

One of the most troublesome sources of sound transmission in apart¬ 
ment houses is the transmission of impact noises through the floor and 
ceiling sections. This is especially troublesome in the smaller and 
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cheaper types of apartment. One of the most effective means of re¬ 
ducing these impact noises is to completely carpet the floor. But in 
apartments where the carpeting of all floors is impracticable it is better 
to support the floor on flexible steel cushions or other elastic materials. 
The value of such methods of insulating impact noises is indicated in 
Sec. 94. 

A number of wall and floor-ceiling sections which are satisfactory for 
apartment-house construction are indicated in Fig. 140. The approxi¬ 
mate transmission loss of each section is also indicated, but it must be 
remembered that the over-all insulation is determined by the “ weakest 
link in the chain,” and therefore the entire building must be designed and 
constructed in accordance with the principles set forth in Chap. X. 

Finally, all plumbing fixtures, pipes, elevators, and other mechanical 
equipment should be selected and installed in accordance with the 
recommendations outlined in Sec. 190. 

192. Residences. There are a number of acoustical problems in 
the design of residences, too frequently overlooked on the drafting 
board, which require careful study. The acoustical design of the music 
room, the reduction of noise in the halls, kitchen, and dining room, and 
the insulation of noise between different rooms are the problems of 
greatest importance; and their satisfactory solutions contribute largely 
to the comfort and pleasure the home affords. 

Even the modest home which has no other music than that furnished 
by the radio should have the living or music room adjusted to have a 
time of reverberation of about 1.0 second — a condition which not only 
will give to music the most pleasing effect, but also will make the room 
an easy room in which to converse. It usually will be possible to pro¬ 
vide this condition of reverberation by the suitable selection of rugs and 
hangings for the room. Thus, a room 14 feet by 20 feet by 9 feet con¬ 
taining an ordinary 12-foot by 18-foot rug over a $-mch carpet pad, 100 
square feet of heavy window drapes, and two or three pieces of over¬ 
stuffed furniture will haye approximately the optimal condition of 
reverberation. If the floor is to be less than 50 per cent carpeted it 
generally is advisable to use an absorptive material in the ceiling, as a 
i-inch fibre board. A fibre board ceiling also furnishes an excellent 
surface for painting or stenciling. 

In larger residences containing a separate music room, the acoustical 
design should be worked out along the lines suggested for the design of 
music studios. (See Sec. 184 and Fig. 248.) If the music room con¬ 
tains an organ, it is desirable to locate the organ at one end of the room 
so that it speaks directly into the room along its longitudinal axis. 
The use of thin wood paneling furred out an inch or more from the solid 
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walls is desirable as a means of adding resonance and brilliance of tone 
quality to the room. In rooms smaller than about 20,000 cubic feet it 
is possible to secure the optimal reverberation (about 2.25 seconds at 
128 cycles and 1.10 seconds at 512 to 2048 cycles) by over-stuffed fur¬ 
niture, rugs, and deeply folded hangings. However, the reverberation 
of every music room should be studied in advance of construction, and 
if the contemplated furnishings for the room are not sufficient to re¬ 
duce the reverberation to the optimal time, absorptive material should 
be used for the ceiling or walls in such amounts as required by the 
calculations for reverberation. 

The use of hard plaster or other highly reflective materials for the 
walls and ceilings of halls, kitchen, dining room, and breakfast room 
often results in reverberant and consequently noisy rooms. Rever¬ 
berant halls are not only noisy and annoying to persons walking through 
them, but they also provide efficient conveyors of sound between differ¬ 
ent parts of the home. If the hall floors and stairways are 75 per cent 
carpeted, and if the windows are draped with heavy hangings, it usually 
is not necessary to use additional absorption on the walls and ceiling; 
but if the floors and stairways are tile, marble, or hard wood, the walls or 
the ceiling, or both the walls and the ceiling, should be treated with an 
absorptive material having a coefficient of sound-absorption at 512 cycles 
of not less than 0.25. 

The dining room should contain large areas of highly absorptive 
material. A reverberation time as low as 0.60 second is desirable. 
If the floor is completely carpeted over a .J-inch felt pad, and if the 
windows are draped with heavy hangings, it may not be necessary to 
use absorptive material for the walls and ceiling, but in the absence of 
these absorptive furnishings the use of an absorptive material for the 
ceiling or walls is much to be desired. 

In a dining room in a certain residence in Los Angeles, the entire ceiling 
is treated with an acoustical tile having an absorptivity of about 0.50, 
the entire floor is heavily carpeted, and doubly lined drapes are used for 
all windows and for one large door opening. The social conversation 
of as many as 12 persons sitting at dinner in this room does not produce 
the usual din of noise that would result if this same conversation took 
place in an untreated room. In fact, it is easy to converse at one end of 
the table while a general conversation is in progress among the other 
guests in the room. The playful chatter of children, in like manner, is 
reduced to a level which can be readily tolerated, whereas this same 
chatter in a reverberant dining room is almost of a nerve-wrecking mag¬ 
nitude. The absorptive material also helps to suppress the noise from 
the kitchen, from other adjacent rooms, and from the outside. 
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The breakfast room also needs to be treated with absorptive material, 
especially when the floor is finished with tile, linoleum, or other highly 
reflective material. An absorptive tile or felt in the ceiling, covered with 
a perforated and washable membrane, is one of the most satisfactory 
methods for reducing noise in the breakfast room. This same treatment 
should be applied to the ceilings of the kitchen and pantry, especially 
in large homes. Most acoustical plasters are not suitable for use in 
residences since they offer difficulties in cleaning, washing, and deco¬ 
rating. But they are being improved at an astonishing rate, and it is 
probable that acoustical plasters will soon be available which will be 
entirely satisfactory for the home . 2 

The rooms in which telephones are located should be reasonably free 
from reverberation. A telephone located in a reverberant hall imposes 
difficulties on both hearing and talking, and in extreme cases it becomes 
almost impossible to use the telephone. If the telephone is located in a 
hall it is desirable to treat at least the walls of the hall with absorptive 
material; or if a separate room or booth is provided, both the walls and 
ceiling should be treated with absorptive material. Such rooms cannot 
contain too much absorption. 

Other rooms in the home which should receive study in regard to 
acoustics are the library, study, and social rooms. The problems which 
arise in these rooms and the methods of solving them have been con¬ 
sidered in the preceding paragraphs. 

The most important acoustical problem in the design of residences is 
the insulation of sound between rooms, and, in noisy localities, the 
insulation against outside noise. Tall and dense planting around the 
house in a noisy site will help greatly to reduce traffic and other outside 
noises. Sleeping rooms and other rooms where quiet is at a premium 
should be ventilated from windows which open upon the quiet side of 
the lot. Windows and doors, especially those facing the street or those 
near the neighbor’s house, should be of heavy, rigid construction and 
should fit tightly in their frames. The insulation of bathrooms from the 
other rooms in the home is a difficult problem. In the first place, great 
care should be exercised in the selection of bathroom fixtures. The 
architect should obtain data on the amounts of noise produced by the 
flushing of different types of toilet, and by the filling or draining of 
different types of bathtub. Water and drain pipes should be large 
enough to allow relatively low speeds of the water, so as to prevent 
turbulent flow, and the more noisy pipes should be wrapped with a 
fibrous blanket covered on both sides with heavy, tough paper. The 

2 See Sec. 166. The acoustical plaster being installed in the Los Angeles County 
Hospital can be washed repeatedly. 
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pipes should be insulated from the rigid frame of the building by means 
of flexible felt, and the entire bathroom floor should be insulated from 
the rest of the building by means of flexible steel or cushioned chairs 
or by means of felt, fibre, or corkboard. The floor and ceiling section 
under the bathroom should have an insulation value of not less than 
45 to 50 db. 

The acoustical engineer or consultant is often called upon to make 
recommendations for the correction of faulty acoustics in residences. 
The correction is nearly always a hopeless one, or at best a prohibitively 
expensive one, involving the tearing up of floors and walls and the 
replacement of bathroom fixtures. These problems should and can be 
anticipated in advance of construction. Proper planning at that time will 
assure both the owner and the architect not only that the home will be 
free from the defects of inadequate sound-insulation but also that it 
will possess an atmosphere of quiet restfulness which will impart to it 
comfort, luxury, and dignity. 



CHAPTER XXVI 

RADIO BROADCAST AND SOUND-RECORDING STUDIOS 

193. Introductory. Acoustical problems of a very special nature 
arise in the design of radio broadcast and sound-recording studios. 
Some of the first attempts to broadcast or record sound in rooms which 
were regarded as having good acoustical properties for either speech or 
music revealed that these same rooms were unsatisfactory for broad¬ 
casting or recording sound. The reason for this apparent anomaly is 
to be found chiefly in the difference between monaural and binaural 
hearing. When we listen to sound binaurally the vibrations reaching 
the two ears may differ in phase and intensity. These differences enable 
us to determine with reasonable accuracy the location of the source of 
sound, and therefore impart an extension or a perspective to sound, and at 
the same time enable us to fix our attention upon sound coming only from 
a certain direction. If, on the other hand, we listen to sounds in a room 
with only one ear by occluding the other ear with the finger tip we are 
conscious of two alterations in the acoustical aspects of the sound or the 
acoustics of the room. The room seems markedly more reverberant, 
and adventitious noises in the room seem to have been augmented. 1 
It would appear therefore that the acoustical requirements for monaural 
hearing in a room are different from those for binaural hearing in the 
same room. For hearing with one ear it is necessary that the room have 
a lower reverberation period and a lower level of noise than would be 
required for satisfactory hearing with two ears. Since in binaural hear¬ 
ing the attention can be focused upon sound coming from a definite 
direction to the exclusion of sound coming from other directions, the 
delayed reflections from the walls (reverberation) and noises which 
come from all other directions are discriminated against when listening 
with both ears. But in monaural hearing this faculty for listening to 
sounds coming from a single direction and ignoring sounds from all other 
directions is very much weakened, or almost completely gone, and there¬ 
fore reverberation and noise are much more disturbing to monaural 
hearing than they are to binaural hearing. 

The microphone responds to sound very much as does a single ear, 
and consequently it is subject to the limitations of monaural hearing. 

1 See articles by J. P. Maxfield, Jour. Soc. Mot. Piet. Engineers (January, 1980); 
Jour. Acous. Soc., 3,69 (1931). 
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It is necessary therefore in the design of sound-recording rooms to re¬ 
move the sources of difficulty or confusion incident to monaural hearing; 
namely, to reduce reverberation to a relatively short period, and com¬ 
pletely eliminate noise. Experience has shown that the most satis¬ 
factory reverberation time for radio or sound-recording studios is about 
two thirds of the accepted optimal time for speech or music rooms. 
Thus if 1.2 seconds has been found to be the optimal time of reverbera¬ 
tion for listening to a particular type of music when produced in a 
certain room, then about 0.8 second will be the best time of reverbera¬ 
tion in the same room for broadcasting or recording that same type 
of music. This empirical rule concerning the optimal reverberation 
time, and an equally important rule requiring that the residual noise in 
the studio should not exceed about 5 to 10 db, are two criteria which 
should guide the design of both radio broadcast and sound-recording 
studios. 

194. Radio Broadcast Studios. From the introductory remarks in 
the preceding section it is obvious that a radio broadcasting studio 
must be carefully designed with regard to the control of reverberation 
and the insulation of noise. A noise survey should always precede the 
design of the studio so that an adequate amount of insulation will be 
provided by the walls, floors, ceilings, doors, and windows. Thus, if 
the outside noise is of the order of 70 db, it is necessary to design the 
studio in such a manner as will provide a noise-reduction factor of at 
least 60 to 65 db. This will require, as a rule, the equivalent of double 
walls, floated floors, suspended ceiling, and two sets of tightly fitting 
doors and windows. In all cases the selection and design of the insu¬ 
lating structures should be based upon calculations similar to those 
outlined in Sec. 106. Viewing windows between adjacent studios or 
between studios and waiting rooms should consist of at least two heavy 
plate-glass windows set in separate frames, insulated from the rigid 
structure of the wall by felt or rubber strips, and separated from each 
other by an air space of at least 4 inches. The high degree of sound- 
insulation required in studios cannot be attained if open windows are 
depended upon for ventilation. In the better studios all windows arc 
omitted, and it is necessary in such cases to install a complete air-con¬ 
ditioning system. This equipment must be thoroughly insulated from 
the studios. The fans and motors should be mounted suitably on elas¬ 
tic supports, the boundaries of the ventilating equipment room should 
be of high insulative value for air-borne sound, and the ventilating ducts 
should contain suitable filters which will prevent the transmission of 
sound through the ducts from the equipment room to the studios, or 
from studio to studio. 
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The control of reverberation in broadcasting studios should be worked 
out very carefully. For most types of program the times of reverbera¬ 
tion given in Fig. 263 will be found highly satisfactory. For small 
studios a reverberation time at 512 cycles of about 0.70 second will be 
satisfactory, and in larger studios a somewhat longer time — approach¬ 
ing 1.1 or 1.2 seconds in large studios — will be found more satisfactory. 
The reverberation time at 128 cycles should not be more than double the 
lime at 512 cycles, and for frequencies above 512 it should remain ap¬ 
proximately constant, or even increase slightly at very high frequencies. 

As was pointed out in Chap. XVIII, different types of music require 
different amounts of reverberation, but nearly all forms require more 



Volume-Cu Ft. 

Fia. 203. Curves giving recommended reverberation times for broadcast and sound- 
recording studios. 

reverberation than speech does. It is desirable therefore to have either 
a number of studios with different times of reverberation, or studios in 
which the reverberation can be adjusted to the most favorable condition 
for any particular type of broadcast. The latter arrangement is pref¬ 
erable since it often may be desirable to change the reverberation time 
during the program of a single artist or group of artists. 

There are several methods which may be used for adjusting the time 
of reverberation in a room. In many studios this is now done by re¬ 
moving or bringing in rugs or by spreading out or drawing together 
hangings on the walls. In the main studio of the Hungarian Radio 
Company at Budapest the entire walls and ceiling can be completely 
covered with deeply folded hangings, or any or all of the hangings can 
be rolled up on rollers or spread out on suitable supports. By exposing 
part or all of these hangings the reverberation time can be varied from 
about 0.5 to 4.0 seconds, thus providing conditions which will be suitable 
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for speech, for soft and melodious chamber music, for orchestra or band, 
for choral or oratorio, or for cathedral organ music. For quickly moving 
staccato selections the reverberation time should be short, and for slowly 
moving adagio or largo selections it should be considerably longer. 
Cathedral organ music, for example, will sound most natural with 3 or 
4 seconds of reverberation. This cathedral effect is further emphasized 
in the Budapest studio by exposing a highly polished marble wall at 
one end of the studio, at least 50 feet away from the source of the sound. 
The delayed reflection from this remote surface gives the effect which 
would be obtained in a spacious room. 

A simple means of providing a studio with variable reverberation is 
to cover the walls with hinged panels, treated with highly absorptive 
material on one side and with highly reflective material on the other side. 
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Fig. 264. Proposed treatment of walls of broadcast studios, showing hinged panels 
which are absorptive on one side and reflective on the other. 


(See Figs. 264 and 268.) By exposing the absorptive or reflective sur¬ 
faces of different numbers of these hinged panels it is possible to control 
the reverberation throughout the limits required for all types of broad¬ 
casting. The studio can be made reverberant or non-reverberant, or 
it may be made reverberant in the end of the room where the sound is 
produced and non-reverberant in the end where the microphone is lo¬ 
cated. It would be a simple matter to open or close these hinged panels 
by means of a control at the console of an organ or at the mixing panel, 
and thus vary the reverberation to give the best effects to music. 

As in other speech and music rooms, it is not sufficient that the 
broadcasting studio be only free from noise and have an optimal time of 
reverberation. It is required, for example, that the reverberation be 
uniform in all directions. To accomplish this end, the absorptive ma¬ 
terial should not be located only on the floor and in the ceiling, or on 
opposite and parallel walls, but should be distributed in such a manner 
as will prevent the excessive persistence of multiple reflections between 
parallel surfaces, that is, in such a manner as will eliminate the possi- 
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bility of a prolonged one- or two-dimensional reverberation. Care 
should be exercised to eliminate the resonant effects of window panes, 
doors, wall panels, or cavities. A resonant window pane, especially one 
near the microphone, often will introduce a troublesome distortion which 
will be picked up by the microphone. Finally, it is necessary to insu¬ 
late the studios and the electrical equipment rooms from solid-borne 
vibrations. The delicate vacuum tubes in the amplifying equipment are 
especially sensitive to mechanical vibrations, and it therefore is imperar 



Fig. 265. Ideal layout for a group of broadcast studios. (Hanson and Morris.) 

tive that‘adequate insulation against vibration be provided for all ampli¬ 
fier racks. 

The design and construction of the broadcast studios for the National 
Broadcasting Company are described in a paper by Hanson and Morris. 2 
This paper contains many practical suggestions and recommendations 
concerning the general layout and the details of construction of broad¬ 
cast studios. Fig. 265 shows an ideal layout for a group of studios, 
proposed by Hanson and Morris. It consists of a central control and 

*0. B. Hanson and R. M. Morris, “The Design and Construction of Broadcast 
Studios,” Proc. of Inst, of Rad. Engineers, 19, 17 (January, 1931). This article 
should be consulted for further details. 
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Fig. 266 . Cutaway view of the N.B.C. Fifth Avenue Studios, New York. (Hanson 
and Morris.) 



Fig. 267. Plan of studios and control rooms of the N.B.C. at Chicago. {Hanson 
and Morris.) 
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equipment room surrounded by the studios, with each studio having its 
own control booth near the central control room. Since it is necessary 
to have as many as five to fifteen hours of rehearsal for each hour of 
broadcast, at least six or seven studios are required to maintain a single 
channel. A central system of studios, such as is shown in Fig. 265, 
requires the utmost care in providing adequate insulation between sep¬ 
arate studios as well as between the studios and the outside. All the 
studios are surrounded by corridors which are treated with highly ab¬ 
sorptive material, and the larger studios are well separated from each 



Fig. 2()S. Studio F, N.B.C., Chicago. “ Acoustone” in ceiling and on walls. Wall 
panels are absorptive on one side and reflective on the other, and are reversible so 
that the reverberation timc'can be varied. ( Graham , Anderson , Probat and White , 
Architects ) 


other. All studios and control rooms arc completely air conditioned, 
and are therefore free from windows. Both the supply and exhaust 
ducts are equipped with sound filters or attenuators (see Sec. 92) which 
prevent the transmission of sound through the ducts. The entrance to 
each studio, which is from the outer corridor, is by means of tightly 
fitting double doors with an absorptive air space between the doors. 
Fig. 266 shows a cutaway view of the N.B.C. studios at 711 Fifth Avenue, 
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New York, and Fig. 267 shows the general layout of the N.B.C. studios 
at Chicago. An interior view of Studio E in the Chicago group is shown 
in Fig. 268. Hanson and Morris recommend that the dimensions of the 
studio be such that the ratio of height, width, and length be approxi¬ 
mately 2:3:5. Empirical data concerning the optimal dimensions 
of a studio as a function of the number of artists the studio can accom¬ 
modate are given in Fig. 269. 

Several features of soundproofing in the Chicago N.B.C. Studios are 
worthy of mention. Quoting from Hanson and Morris: “ The main 



Fig. 269. Relations between studio capacity and studio dimensions recommended 
by Hanson and Morris. 


walls of the studio are erected of a single layer of 4-inch terra cotta tile. 
On the studio side of these walls are placed steel spring clips on 18-inch 
centres, and on these clips in turn is placed metal lath. The same treat¬ 
ment is applied to the ceiling. . . . Absorptive felt is placed on the 
main wall in the spaces between the spring clips and the walla. (See 
lower part of Fig. 270.) The ordinary layer of rough plaster is then 
applied to the metal lath, and on top of this the acoustic treatment or 
hard plaster, as may be specified. 

“ A similar system of soundproofing is placed upon the floor except 
that the springs in this case support the wood sleepers. Before laying 
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Fio. 270. Details of construction of studio walls and transparent partition. (Han¬ 
son and Morris.) 

at frequencies as low as 64 cycles. The attenuation of course is much 
greater at higher frequencies.” 

The construction of the transparent partitions between each studio 
and its control room is shown in the upper part of Fig. 270. Three 
separate pieces of glass, having thicknesses of \ y f and § inch, are mounted 
on separate bucks. One buck is mounted on the terra-cotta partition 
and the other two on the plaster partitions. The three different thick¬ 
nesses of glass prevent the action of a “ band-pass ” filter since the three 
panels have different natural frequencies. 

The reverberation characteristics of the studios approximate those 
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given in Fig. 263, varying from about 0.7 second (at 512 cycles) in small 
studios to 1.1 seconds in large studios. About two thirds of the wall 
area is treated with acoustical material having the proper absorption 
characteristic (as mounted on the resilient steel clips). The remainder 
of the wall and ceiling areas are well broken with pilasters, coffers, and 
ornamental plaster. 

195. Sound-Picture Studios. The design of studios for the purpose 
of synchronizing sound with motion pictures follows rather closely 
the design of broadcasting studios. There are two differences: (1) 
the sound-picture studio is very much larger than the broadcasting 
studio and therefore problems of shape and of delayed reflections must 
be considered; (2) there are nearly always a number of sets or stage 
settings erected in different parts of the large studio, and the acoustical 
properties of these sets influence largely the sound recordings. If the 
large studio be very free from reverberation, resembling outside condi¬ 
tions with perfectly absorbing boundaries, the acoustical quality of the 
sound recording will be determined almost wholly by the set materials 
and dimensions. This is much to be desired, as it permits a greater 
freedom and simplicity in the acoustical design of the sets. It is custo¬ 
mary therefore to make the walls and ceiling of the sound stage as 
absorptive as possible. It has become almost standard to treat the 
inner walls of the sound stage with a 4-inch fill of mineral wool between 
2-inch by 4-inch wood studs covered with a cloth or wire screen, and to 
treat the ceiling with a 1^- to 2-inch mineral wool blanket. With a 
treatment of this type a large sound stage (say 100 feet by 150 feet by 
40 feet) will have a reverberation time of about 1.0 second at 128 cycles 
and about 0.8 second at 512 to 2048 cycles. Stages with these reverbera¬ 
tion times are found to be very satisfactory. 

The problem of sound-insulation in sound stages requires unusual 
care, especially where two or more units are combined into a single 
building. With a symphony orchestra playing in one stage it is im¬ 
possible to make recordings in an adjacent stage unless the insulation 
between the two stages be as great as 65 db. 

Experience and measurements in connection with the insulation of 
sound stages have suggested the following general conclusions: 

1. If the walls and ceiling, including all doors, have an .over-all 
insulation value of 50 db, the stage will be acceptable if it is a single 
unit and in a moderately quiet location. If two or more stages of this 
type adjoin each other it may be necessary to shut down in one stage 
while recording in another. 

2. If the walls and ceiling of the stage have an insulation value of 
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60 db, it will be satisfactory under nearly all conditions met iq. prac¬ 
tice. Outside noises such as the passing of a heavy truck or the racing 
of a motor will be adequately insulated. In general, it will be possible 
to record in adjacent stages at the same time, except when there are 
very loud sounds in one stage, such as a large band or orchestra, or 
loud shouting or gunfire. 

3. If the walls and ceiling of the stage have an insulation value of 
70 db, it will be entirely satisfactory for all types of recordings even 
if the stage be located on a very noisy site. There will be no inter¬ 
ference between adjacent stages, and it will not be necessary to stop 
recording in one stage while recording in an adjacent stage. 

Two methods have been in general use in the design of the insulating 
walls and ceilings for sound stages: (1) the construction of heavy, rigid 
walls and partitions, and (2) the use of multiple layers of such materials 
as “ Gunite,” plaster board, fibre boards, mineral wool blankets, and 
felted materials, separated by air spaces. 

As has been shown previously, the insulation value of rigid partitions 
is very nearly proportional to the logarithm of the mass per square foot 
of wall section. (See Sec. 96.) The insulation provided by concrete 
or brick and mortar walls varies from about 23 db for a wall having a 
mass of 1 pound per square foot up to about 52 db for a wall having a 
mass of 100 pounds per square foot. These values are for a frequency 
of 512 cycles. At low frequencies (128 cycles) the insulation value is 
about 20 per cent lower and at high frequencies (2048 cycles) it is 15 
to 20 per cent higher than the values given for 512 cycles. Rigid par¬ 
titions provide a fairly satisfactory means of providing an insulation 
up to about 45 or 50 db, but since the insulation value is proportional 
to the logarithm of the mass of the wall, the cost of construction becomes 
prohibitive for obtaining a greater insulation than about 45 db. 

The use of multiple layers attains its highest insulation value when 
the separate layers are free from all connections or ties. Thin, rigid 
panels separated by air spaces which are lined with a highly absorptive 
blanket have proved to be both effective and economical. One of the 
most satisfactory types of construction consists in erecting one struc¬ 
ture inside of the other with separate foundations, walls, and ceilings, 
with no rigid ties between the two structures, and with an absorptive 
blanket facing the air space between them. 3 Such double structures 
separated by an air space of 3 or 4 feet give an insulation which is nearly 

3 This type of structure tuis been developed by a series of tests on models conducted 
at Metro-Goldwyn-Mayer’s Culver City Studios under the supervision of Fred 
Pelton and D. W. Robinson. 
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equal to the sum of the insulations provided by the separate structures. 
If any rigid ties be made between the two structures, the over-all in¬ 
sulation is very much reduced, and if there are many ties the two walls 
approach the condition of a single rigid wall. 

A number of typical wall and ceiling sections which have been used 
and tested in sound studios are shown in Fig. 271. The measured in- 
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Fia. 271. Typical wall and ceiling sections for sound stages. 


sulation value (transmission loss) of each partition is given opposite the 
sectional drawing. Sections marked (e) and (/) were separately meas¬ 
ured for sound-insulation, and then the total insulation for 'the two 
walls on separate foundations was measured. The results are indicated 
in Fig. 271. Note that the total insulation through the two walls is 
about 3 or 4 db less than the sum of the insulations through the separate 
walls, indicating a relatively small amount of coupling between the two 
walls. The sections shown in Fig. 271 also indicate the more commonly 
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used methods of applying absorptive materials to the inner walls and 
ceilings of sound stages. 

Sound stages are equipped with large doors, sometimes as large as 25 
feet by 50 feet. The construction of the door usually is similar to that 
of the wall, in which case the insulation value of the door is determined 
by the method of closing and sealing 
the door in its frame. The larger 
doors are built on rollers which are 
moved on tracks by motor power. 

The door is forced tightly against a 
rubber-lined jamb by means of large 
mechanical locks. A type of seal 
which has proved very satisfactory 
is shown in Fig. 272. Three wood 
half rounds, nailed to the edge of 
the door as shown, are forced against 
the soft rubber strips embedded in the jamb. If the door be forced 
against the jamb with a pressure of about 30 pounds per running foot, 
measured along the edge of the door, the insulation value of the seal 
will be comparable with the insulation value of the door. Tests have 
shown such a seal to have a transmission loss of about 40 db. It is im¬ 
portant that the door make tight contact against the jamb. A poor con¬ 
tact may reduce the insulation value to as little as 15 or 20 db. 



Fig. 272. Effective means of obtaining 
seal of door against jamb. 
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CHAPTER II 

1. Calculate the velocity of sound c in meters per second and in feet per second in 
the materials listed in the following table (p is the density of the material in grams 
per cubic centimeter, and E is the volume modulus of the material in dynes per square 
centimeter): 


Material 

p 

E 

\c (m. per sec.) 

c (ft. per sec.) 

Steel . 

7.8 

20X10” 



Aluminum. . . 

2.7 

7X10” 



Oak (along fibre) . 

0 75 

11X10 10 



Cork. 

0 24 

6X10 8 




2. Calculate the velocity of sound in feet per second in air, at temperatures of 
0° C. (32° R), 10° C. (50° R), 20° C. (08° R), and 30° C. (8<P R). 

3 . Why is the velocity of sound in air independent of the pressure? Devise an 
experiment for testing this conclusion. 

4 . If two chambers for an organ (say the chamber for the echo organ and the 
chamber for the main part of the organ) have temperatures of 20° 0. and 30° C., 
what will be the percentage difference in the frequencies of two pipes of the same 
length, one of which is a pipe in the echo organ and the other a pipe in the main 
part of the organ? Is this difference large enough to be recognized by the average 
musical audience? 

6. Calculate the wave lengths in air (at 21° C.) of pure tones having frequencies 
of 64, 128, 256, 512, 1024, 2048, 4096, and 8192 cycles per second. 

6 . What common experiences show that the velocity of sound in air is (at least 
nearly) independent of the amplitude and frequency of vibration? 

7 . The fundamental frequency of a stretched string is equal to 1/2 1 VY/&). 
T is the tension of the string, l is its length, and p 0 is its mass per unit length. Specify 
the T and p 0 for the string of a monochord (or sonometer) such that when the string 
is 100 cm. long the fundamental frequency of the string will be 100 cycles per second. 
Calculate the required length of this string to give frequencies of 128, 256, 512, and 
1024 vibrations per second. Why do the overtones of a vibrating string form a 
harmonic series? Show that the wave length of the fundamental vibration in a 
stretched string is 21. Describe an experiment with the monochord which would 
show whether the velocity of waves in the string is proportional to vT T . 

8 . Compare the frequencies of two strings of the same size, length and tension, 
but one of aluminum (density = 2.7) and the other of steel (density = 7.6). Two 
strings of the same material and of the same length require tensions of 20 and 30 kg., 
respectively, in order that they be tuned in unison. Compare the diameters of the 
two strings. 

9. A plane wave traveling normally toward a plane wall is described by the equa¬ 
tion yi = a sin 2tt(tU - x/\) and the reflected wave (assuming complete reflection) 
by V% - a sin 2w{rd + x/\). Show, by composing the direct and reflected waves, that 
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the resulting vibration will be made up of stationary waves and that either the max¬ 
ima or minima will be separated by X/2, i.e., by one half of the wave length. How 
does the kinetic energy of vibration vary from point to point along the stationary 
waves? 

10 . The fundamental freque ncy of an open pipe is 1/2/ V yp/p f and the funda¬ 
mental of a closed pipe is 1/4 1 V yp/p , where l is the length of the pipe and the other 
symbols have the significance assigned in Chap. II. From a consideration of the 
reflection of sound from open and closed ends of a pipe show that the open pipe will 
produce both odd and even harmonics and that the closed pipe will produce only 
odd harmonics. 

11 . How far away from a reflecting surface should one be able to hear an echo 
of an impulsive sound, such as a short and sudden hand clap? Determine by experi¬ 
ment how far away from a wall you must stand in order just to hear an echo of your 
own hand clap. What is the shortest observable time interval between the direct 
and echoed sound? 

12. The density of a certain type of fibrous material is 0.50 and its volume mod¬ 
ulus is 2 X 10 6 dynes per square centimeter. What is the theoretical coefficient of 
reflection of this material? (Assume that the incident sound wave is in air and that 
it is normal to the plane surface of the material.) What percentage of the sound 
energy in the incident (normal) sound wave is transmitted into the material? What 
would be the theoretical coefficient of absorption of this material for a plane (normal) 
sound wave? 

13 . Two sound waves, one in air and one in water, have the same root mean 
square pressures, namely, 10 dynes per square centimeter. Calculate the intensities 
of the two waves in microwatts per square centimeter. 

14 . Why do whispered sounds show’ up the characteristics of a “ whispering gal¬ 
lery M better than spoken sounds do? Select a large room which is circular or 
elliptical in [)lan (which has smooth unbroken walls) and test it for “ whispering 
gallery ” effects. 

16 . Ten sound waves, all of the same frequency and the same amplitude a but 
having phase angles of 0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°, and 90°, unite at a 
certain point in a room. Find graphically the resultant amplitude of vibration at 
this point. 

16 . A plane sound wave in air at a temperature of 10° C. encounters, at an angle 
of 45° from the normal, a region of air at a temperature of 30° C. Calculate the angle 
between the incident and the refracted beams. Calculate also the coefficient of 
reflection of the encounter. 

17 . When is it necessary to consider the diffraction of sound in planning the acous* 
tics of rooms? How f does diffraction alter the reflection of sound from the parapet 
of a balcony? Why is the diffraction of sound usually more pronounced than the 
diffraction of light? 

18. Locate graphically all of the first and second order images of a point source 
in a rectangular room. 

19 . Explain the series of echoes one hears when one makes an impulsive noise 
between two large parallel walls. Why are the echoes heard differently at a point 
half way between the two walls and at points nearer to one wall than the other? 

20 . An impulsive sound, as hand clapping, produced in front of a wide and high 
bank of steps is reflected as a musical sound having a frequency of 500 cycles. What 
is the horizontal distance between successive risers? Why does sound reflected 
from a picket fence have a musical quality? 
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21. Explain and describe the apparent change in pitch of a tone (a) when the 
source is moving toward a listener, (6) when the source is moving away from a listener, 
(c) when the listener is moving toward or away from the source, ( d ) when the wind 
is blowing from the source to the listener, and (e) when the wind is blowing from the 
listener to the source. 

22. Two tuning forks have nearly the same pitch so that beats are heard when 
both forks are sounded together. If one fork has a calibrated frequency of 512 
cycles, how can you determine the frequency of the other fork? If two organ pipes 
tuned to exact unison be sounding in opposite ends of a room, a person will hear beats 
as he walks from one end of the room to the other. Explain, and calculate the ap¬ 
proximate frequency of beats if both pipes are tuned to 512 cycles. 

23 . A thin wood panel in an auditorium has a prominent resonant frequency at 
about 200 cycles. How will this panel affect the quality of sound as heard by listeners 
who are near the panel? Discuss the free and forced vibrations of such a panel. 

24 . If a tuning fork is set into vibration and held in the hand it may remain 
audible two minutes or longer. What will happen to the intensity and to the rate 
of decay of the tone produced by the fork if it is held against a sounding board? 
Explain. 

25 . If the wave length of a ripple on a ripple tank is 1 in., to what scale should a 
model of a room be constructed in order that the ripple should represent a 700-cycle 
tone in the room? Why is it desirable in some cases to study the form of a proposed 
auditorium both by the optical method (Sec. 30) and the sound-spark method (Sec. 
29)? 


CHAPTER ID 

1. Describe the function of the middle ear in transmitting aerial vibrations into 
the fluid within the cochlea. 

2 . What is the nature of the evidence that fixes the frequency limits of hearing 
at about 20 and 20,000 cycles per second? 

3 . From the sensitivity curves in Fig. 42, calculate the decibel difference between 
the threshold of hearing and the threshold of feeling at frequencies of 32, 64, 128, 
256, 512, 1024, 2048, 4096, 8192, and 16,384 cycles. Compare the amplitudes of 
vibration of the drum membrane at the two thresholds for a tone of 1024 cycles. 

4 . In many cases of partial deafness a bony fringe develops around the foot plate 
of the stapes which impedes the mobility of the stapes (or stirrup). Why should this 
type of deafness produce the greatest impairment for low-pitched sounds? 

6. Persons with conductive types of deafness claim they hear conversation very 
readily when they are in a noisy place, as in an automobile or on a trolley car; and 
persons with normal hearing experience difficulty in a noisy place in hearing the 
speech of those with conductive impairments. Explain. What possible use could 
be made of this phenomenon in improving the hearing conditions in large speech 
rooms? 

6. A certain tuning fork vibrating with an amplitude of 1 mm. produces a tone 
which has a sound level (when held near the ear) of 60 db. What will the sound level 
be when the amplitude is reduced to (a) 0.5 mm., (b) 0.2 mm., (c) 0.1 mm., (d) 0.01 
mm.? By what per cent must the amplitude change in order to produce a change 
in the sound level of 1 db? By what per cent must the amplitude change in order 
to produce the smallest perceptible change of loudness? 

7* With what speed need one approach or recede from a pure tone source (of 
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600 or more cycles per second) in order that one will recognize a change of pitch? 
(Assume a velocity of sound of 1125 ft. per sec.) 

8. Determine the loudness levels of tones having frequencies of 150, 200, 340, 500, 
1000, and 4000 cycles when each tone has a sound level of 50 db. 

9. Owing to the non-linear response of the ear to sound, subjective tones are heard 
which consist of the harmonics of the physical vibrations communicated to the ear 
and of the summation and difference combinations of these vibrations and their 
harmonics. If two pure tones of 200 and 300 cycles are communicated simultane¬ 
ously to the ear, determine the summation and difference tones which result from 
these two tones and their first three overtones. 

10 . Why do loud sounds of low pitch interfere with the hearing of speech and 
music more than do equally loud sounds of high pitch? 


CHAPTER IV 

1. Describe the distinguishing characteristics of noise, speech, and music. 

2 . Compose graphically two simple harmonic vibrations having the same ampli¬ 
tude but frequencies in the ratio of two to one, first when they start in phase, second 
when they start with a phase difference of 90°, and third when they start with a phase 
difference of 180°. Would these different combinations be heard differently? 
Explain. 

3. Compose graphically the first three terms of two harmonic series, one containing 
only odd terms (i.e., the first, third, and fifth harmonics) and the other both odd and 
even terms (i.e., the first, second, and third harmonics). Let the amplitudes of the 
three component vibrations in each series be 4, 2, and 1, respectively. What do you 
observe concerning the symmetry of the resulting vibrations? 

4 . Why are nearly all the errors in the recognition of the sounds of speech attribu¬ 
table to the consonants rather than to the vowels? Why do persons with nerve 
deafness complain that they can hear speech quite loudly but that it sounds confused? 

5. If a single voice produces an average sound level of 55 db in a room, what level 
will be produced by 10 such voices? by 20? by 50? by 100? If loudness is pro¬ 
portional to the cube root of the sound intensity how many times louder than a 
single voice will 10 voices sound? 20 voices? 50 voices? 100 voices? 

8. Why does phonograph music or the music that is reproduced in the cinema 
theatre sound unnatural? 

7 . Why does excessive reverberation in a room interfere more with the hearing 
of speech than it does with the hearing of music? Why are echoes especially trouble¬ 
some in music rooms? 

8 . Which instruments in an orchestra produce the lowest frequencies? the highest? 
What is the range of frequency in orchestra music? What is the approximate range 
of sound level? 

9 . Why can the organ imitate so many string and wind instruments? Why is the 
imitation imperfect? 

10 . On the basis of the frequency distribution of the vibrational energy in music, 
would it be good design to treat the interior of a music room with materials which are 
six or seven times more absorptive at 4000 cycles than they are at 100 cycles? Give 
reasons for your answer. 
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CHAPTER V 

1. Sound originates at the centre of a hollow sphere which has a diameter of 25 ft., 
and the inner surface of the sphere has a reflection coefficient of 0.95. What will 
be the rate of decay of this sound in decibels per second? How many seconds after 
the source is stopped will be required to reduce the intensity of the sound 60 db? 
(Velocity of sound = 1125 ft. per sec.) 

2. A rectangular room has a volume of 100,000 cu. ft. and an interior surface of 
16,000 sq. ft. What is the mean free path for sound in this room? If the interior 
boundaries of the room have a coefficient of sound-absorption of 0.10, how many 
reflections will be required to reduce the intensity of decadent sound to one millionth 
of its initial intensity? What is the time of reverberation in this room? 

3. Calculate the time of reverberation in the room of problem 2 both by Eq. (23) 
and by Eq. (26) when the average absorption coefficient of the interior boundaries 
is 0.05, 0.10, 0.20, 0.40, 0.60, 0.80, and 1.0. WTiich equation gives the more reason¬ 
able results? 

4 . The reverberation formula holds strictly only for rooms in which all boundaries 
have the same coefficient of sound-absorption. Calculate the rates of decay of sound 
in a room having a mean free path of 30 ft. (a) when all boundaries of the room have 
a coefficient of absorption of 0.10, and ( b ) when five sixths of the area of the bounda¬ 
ries has a coefficient of 0.02 and the remaining sixth has a coefficient of 0.50. Assume 
in (6) that the first five reflections of the decay are from surfaces having a coefficient 
of 0.02 and the sixth one from surfaces having a coefficient of 0.50. Calculate the 
corresponding times of reverberation from these rates of decay, and compare with 
the time obtained by Eq. (26). 

5. The condition of complete diffuseness assumed in the development of the re¬ 
verberation formulas is never realized in rooms. For example, when highly absorp¬ 
tive material is applied only to the ceiling of a small room with a high ceiling the 
room may sound very reverberant even though the time of reverberation according 
to Eq. (26) may be less than 1 second. Explain. Such rooms should be treated by 
distributing the absorptive material on the walls and in the ceiling. Why will this 
provide a better condition of reverberation in the room? 

6. On the basis of the data given in Fig. 74, calculate the attenuation in decibels 
per mile, at 20 per cent relative humidity and at 70 per cent relative humidity (both 
at 21° C.), of a free plane sound wave for frequencies of 2048 cycles, 4096 cycles, and 
6000 cycles. Why is it necessary to use low-frequency sounds for long-range sig¬ 
naling? How will the quality of music be affected after it has been transmitted 
through 1 mile of air (20 per cent relative humidity and 21° C.)? 

7. A rectangular room has a volume of 18,000,000 cu. ft. and an interior surface 
of 720,000 sq. ft. Calculate the reverberation times at 2048 and 4096 cycles, first, 
neglecting the absorption in the air, and second, including the absorption in the air 
when the relative humidity is (a) 20 per cent and ( b ) 60 per cent. Temperature is 
21° C. The average absorptivity of the interior boundaries is 0.20 at both 
frequencies. 

8. Why is the “ mean free path ” in the case of the cruciform church somewhat 
longer than the theoretical value 4 V/S? Why is it somewhat shorter in the case 
of a large office room with a low ceiling, especially for the first few reflections, when 
the source of sound is near the centre of the room? 

9. A private office has a reverberation time of 0.5 second at 512 cycles, and the 
waiting room adjacent to the office has a reverberation time of 5.0 seconds. The 
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acoustical quality of the office is very good when the door to the waiting room is 
closed, but when the door is open the office appears to be very reverberant. Explain. 
What does this suggest regarding the acoustical treatment of rooms which are con¬ 
nected by openings? 

10. Why is it advisable to treat the space under a balcony in such a manner that 
it will be less reverberant rather than more reverberant than the main part of an 
auditorium? 

11. Why is it inadvisable to use highly absorptive material only in the ceiling of 
a high church and highly reflective materials for walls? If equal and sufficient areas 
for absorptive material are available either in the ceiling or on the walls, where should 
the absorptive material be placed? Explain. 

12. Plot the decay curves for a 60-db tone of 512 cycles in a room in which V is 
50,000 cu. ft., S is 10,000 sq. ft., and a is 0.10, 0.20, and 0.30, respectively. 

13. Why are the growth and decay of sound in a room somewhat irregular, as 
shown in Figs. 83 and 84, rather than regular as predicted by Eq. (26)? 

14. It is sometimes possible to hear “ beats ” in a room during the decay of a 
pure tone. Explain. 

CHAPTER VI 

1. Describe the physical requirements, with respect to density and compressibility, 
of a non-porous material which is to have a high coefficient of sound-absorption (a) 
when the material is in air, and ( b ) when the material is in water. 

2. Why is a dense material (as hard plaster) with only large pores in it — say 
1/16 in. in diameter — a relatively poor sound-absorbent? Describe the process of 
sound-absorption by porous materials. 

3. Calculate the reflection and absorption coefficients at frequencies of 200, 400, 
800, 1600, 3200, and 6400 cycles for a closely packed honeycomb structure of cir¬ 
cular pores, the pores having an average diameter of 0.01 cm. How does a change in 
the size of the pores affect the absorptivity at different frequencies? 

4. The absorption coefficients of a thin stretched membrane may be as high as 
0.25 at 128 cycles and only 0.10 at 2048 cycles. Explain. Why may such materials 
prove beneficial in rooms which contain large areas of thin, porous materials? 

5. How would you design an acoustical material so that it would have high 
absorptivity throughout a wide range of frequencies? 

CHAPTER VH 

1. Discuss the assumptions which underlie the reverberation formulas (23) and 
(26). Describe methods and devices for obtaining diffuse sound in a room. 

2 . A small test room, for example 6 ft. by 7 ft. by 10 ft., has hard plastered walls 
and ceiling (no doors or windows) and has its floor completely covered with a highly 
absorptive material. Describe the decay of sound in such a room. If the measured 
time of reverberation, i.e., the time for a decay of 60 db, be used in connection with 
Eq. (26) for determining the absorption coefficient of the material on the floor, it 
will be found that the resulting coefficient is too low. Explain. How can this type 
of error be minimized in making absorption measurements in a room? 

3. A reverberation room 19 ft. by 20 ft. by 18 ft. has an absorption of 29 sabines 
at 512 cycles with one person in the room. A 512 organ pipe blown by the person in 
the room remains audible for 16.2 seconds. What is the initial sound level of the 
tone produced by the pipe? What would be the duration of audibility of a tone 
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produced by this pipe in a quiet room having a volume V and an interior surface S 
with an average absorptivity a? How can the pipe be used for making approximate 
reverberation measurements in rooms? 

4 . Why is it necessary to use pure tones, especially at low frequencies, for making 
reverberation measurements in a room? Why is a quiet room necessary for the 
precise measurement of reverberation, when the ear is used as the detector? 

5 . If decay curves be obtained for the room described in problem 2 it will be found 
that the rate of decay is rather rapid during the early stages of the decay but that the 
rate becomes slower and slower. Which part of the decay curves should be used for 
calculating the total amount of absorption in the room? Explain. 

6 . Enumerate the conditions and apparatus adjustments which must be main¬ 
tained in the measurement of sound-absorption in a room by the intensity method. 

7. Mention the advantages of instrumental methods of measuring the rate of 
decay of sound in a room. If a single straight line is obtained by plotting the sound 
level (in decibels) against the time of decay, how can you determine the time of re¬ 
verberation for the room? If two straight lines are obtained, showing that the decay 
is relatively rapid at first and relatively slow during the latter stages of decay, what 
is a probable explanation? 

8. Why are warble tones advantageous for many acoustical measurements in 
rooms? 

9. Why are reverl>eration measurements in a room subject to considerable errors 
at very low and at very high frequencies? 

10. Suppose an empty reverberation room, 18 ft. by 20 ft. by 16 ft., to be com¬ 
pletely lined with cement plaster having a coefficient of 0.018 at 4096 cycles. What 
will be the reverberation time in the room (a) when the relative humidity is 30 per 
cent, and (6) when it is 60 per cent? Temperature is 21° C. If the empty room had 
been calibrated at the 30 per cent humidity and if a material (72 sq. ft.) had been 
tested in the room at the 60 per cent humidity, how large an error would result in 
the coefficient at 4096 cycles if no correction w r ere made for the effect of humidity? 

11. Why are measurements of absorptivity by the tube method subject to certain 
limitations? Would you expect the coefficient of absorption to depend upon the 
angle of incidence? What are the advantages of the tube method? 

12. In comparing the absorptivity of porous materials by the apparatus described 
in Sec. 72, what factors should be considered besides the rate of flow of air into the 
porous material? 

13. Prepare rough sketches and specifications for a test room, including equipment, 
for making absorption measurements of building materials. 

CHAPTER VIH 

1. Given a room which has a volume of 240,000 cu. ft., a surface of 30,000 sq. ft., 
and a time of reverberation at 512 cycles of 2.1 seconds. It is desired to reduce the 
reverberation time to 1.5 seconds by applying absorptive material to 4000 sq. ft. of 
ceiling panels (hard plaster having a coefficient of 0.04). What coefficient of ab¬ 
sorption should the material have? Use Eq. (26) for your calculations. Select from 
the tables in Chap. VIII a number of materials which will have the required absorp¬ 
tivity. If you select a material which has a coefficient 10 per cent lower than the 
calculated coefficient, what will be the resulting time of reverberation? 

2. Why does an increase in thickness of a loosely felted material increase absorp¬ 
tion more than does a corresponding increase in thickness of a dense acoustical plaster? 
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3. Suppose it is desired to increase the absorptivity of a relatively dense and non- 
porous plaster by stippling. Would you recommend many small holes per square 
inch or a few large ones? Why? 

4. Describe methods of decorating acoustical plaster without greatly impairing 
the absorptivity. Describe simple tests for determining the effect on absorption of 
painting acoustical plasters. 

5. If you had 1000 sq. ft. of absorptive material to install in a room, and you 
wished to obtain the greatest possible reduction in reverberation, would you apply 
the material to a single continuous surface or to many separated panels? Why? 

6. Select from the tables in Chap. VIII several materials which have coefficients 
between 0.50 and 0.60 at 512 cycles. Arrange the selected materials in what you 
would consider their order of desirability with respect to (1) structural strength, 
(2) appearance, (3) maintenance, and (4) fireproofness. 


CHAPTER IX 

1. Design and describe a mechanical device for imparting to a tuning fork a hit 
of standard intensity. If such a standard hit should impart to a tuning fork an 
initial sound level (when held near the ear) of 70 db, what would the initial level be 
if the fork had been hit with double the intensity of the standard hit? Is it necessary 
in making routine measurements of noise by the tuning fork method to provide a 
high degree of precision in the device which excites the tuning fork? How will the 
rate of decay of a tuning fork be affected if the shank of the fork be in contact with 
a resonant material? 

2 . Describe at least two methods for determining the rate of decay of a tuning fork. 
Describe a method for determining the initial sound level produced by the fork 
(when held in front of the ear canal). 

3. The calibration of three tuning forks having frequencies of 128, 512, and 2048 
cycles indicates that the forks have rates of decay of 1.0, 1.2, and 2.0 db per second, 
and initial sound levels of 60, 76, and 72 db, respectively. How long will these forks 
remain audible in a perfectly quiet place? These three forks remain audible 30, 
28, and 20 seconds, respectively, in a certain room. Determine the noise audio- 
gram (which shows the masking effect) of the noise in this room. 

4. Discuss the value of noise surveys preliminary to the designing of buildings. 
Why is it desirable to know the level of the noise at several frequencies throughout 
the speech and music range? 


CHAPTER X 

1. Suppose that a steel wall separating two rooms is so thick and rigid that one 
can neglect the yielding of the wall so that the only sound that gets through the wall 
is the truly transmitted or refracted beam of sound (assumed to be normal to the wall). 
Calculate the ratio of the intensities of the emergent and incident beams. (First 
calculate fractional part of the incident beam that enters the steel wall, and then the 
fractional part of the beam in the steel that emerges into the air on the opposite 
side of the wall.) 

2. Why is it futile to use elaborate wall constructions for sound-insulation when 
there are unavoidable threshold cracks around the edges of doors and windows? 

8. Why does the lining of ventilating ducts with an absorptive material impede 
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the transmission of sound through the ducts? Why is the absorptive lining more 
effective at the source end of the duct than it is at the outlet end? 

4. It is desired to insulate a room against certain solid-borne vibrations which 
have a characteristic frequency of 100 cycles per second. Describe the physical 
characteristics of resilient supports for the room which will provide a high degree of 
insulation against these vibrations. What would happen if the supports were of such 
a resiliency that the natural frequency of (the mass of) the room on its supports were 
near 100 cycles? 

5. A certain resilient support for a ventilating fan and motor is compressed 1 cm. 
by a load of 50 kg., which is the normal load each support should carry. Ten such 
supports are placed under a fan and motor weighing 500 kg. What will be the nat¬ 
ural frequency of the (load of the) fan and motor on these supports? If the charac¬ 
teristic vibrations of the fan and motor are in excess of 50 cycles per second, will the 
resilient supports provide a high degree of insulation? 

6. A motor generator weighing 1000 lbs. is to be insulated from the floor of a 
building by means of 2-in. cork (0.70 lb. per board foot, similar to that described in 
Table XXI). Design suitable supports so that the cork is loaded to 8 lbs. per sq. 
in., and calculate the ratio a 2 /a x for frequencies of 50, 100, 200, and 2000 cycles. 

7. Why is the transmission loss (in decibels) for a loosely felted material directly 
proportional to the thickness of the material? If the material is compactly felted 
and tightly stretched the transmission loss is not directly proportional to the thick¬ 
ness. Why? 

8 . Why does the transmission loss for rigid panels increase with increasing fre¬ 
quency of the incident sound? Why does the transmission loss depend largely 
upon the weight per square foot of the panel? 

9. Two panels, each 5 in. in thickness, the one a rigid panel and the other a loosely 
felted one, have the same transmission loss of 35 db. What would be the transmis¬ 
sion loss of each panel if they were made 10 in. thick? 


CHAPTER XI 

1. Would you expect the T.L. for a panel, as measured by the beam method, to 
depend upon the angle of incidence? Why? 

2. Why should both the source room and the test room be completely lined with 
highly reflective material when determining the r or T.L. of a panel by means of 
measuring the intensity in both the source and the test rooms? What other measure¬ 
ments are required besides I x and / 2 ? 

3. A source room and a test room are separated by a panel 4 ft. by 6 ft. The 
test room is 8 ft. by 10 ft. by 9 ft. and is completely lined with cement plaster having 
an absorptivity (at 512 cycles) of 0.02. Rotating vanes arc provided in both rooms 
which “ mix ” the sound and break up stationary wave patterns. The average 
measured r.m.s. sound pressure in the source room is 10 bars and in the test room it is 
0.08 bar. Calculate the r and T.L. (at 512 cycles) for the panel. 

4. A large gong has a decay rate of 3.0 db per second. When it is struct a stand¬ 
ard blow in either room A or room £, a listener in the room in which the gong is 
struck hears the gong for 24 seconds. The same listener in room B will hear the gong 
only 10 seconds when it is again struck a standard blow in room A. What is the 
approximate effective insulation, in decibels, between the two rooms? 

5. Why is any method which is based upon minimal audibility subject to serious 
limitations in all field measurements of sound-absorption or sound-insulation? 
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6 . Describe a masking method of measuring the insulation between two rooms 
which does not require quiet surroundings. 

7. Why is it insufficient to determine the r or T.L. of a wall or floor panel at a single 
frequency? Will measurements at, say, 128, 512, and 2048 cycles suffice for practical 
purposes in case the panels are heavy and free from resonant effects? Why? 

8. Suppose that noise measurements in the vicinity of a proposed building should 
reveal an average noise level of 45 db at 128 cycles, 55 db at 512 cycles, and 50 db 
at 2048 cycles, and that you can use either of two types of wall construction, the one 
having T.L.*s of 35 db, 45 db, and 40 db, and the other having T.L.'s of 25 db, 50 db, 
and 45 db, at 128, 512, and 2048 cycles, respectively. Which type of wall construc¬ 
tion will provide the better insulation, and why? Is it a good procedure therefore 
always to rely upon average values of T.L. which are obtained by taking the arith¬ 
metical mean of the T.L.’s at a number of frequencies? 

9. In rating the insulation value of floor and ceiling panels, what other factor 
should be considered besides the T.L. for air-borne sounds? Describe a method for 
rating the insulation value of panels with respect to this factor. 

10. Why does the carpeting of floors contribute so beneficially to the prevention 
of solid-borne sounds? 

11. Mention the precautions which should be observed in measuring sound- 
insulation by the reverberation method. 

CHAPTER Xn 

1. Compare the insulation values of lime and gypsum plasters applied to the same 
type of lath and studding. 

2. Compare the insulation values of brick, clay tile, and gypsum tile walls, (1) 
when all have the same thickness, and (2) when all have the same weight per square 
foot of wall. 

3. Compare the insulation values of plaster on wood studs or metal channel irons. 
Why is it helpful to use staggered studs? 

4 . Compare the insulation values of different types of floor and ceiling construc¬ 
tion. Why is it helpful to “ float ” a floor on flexible supports? 

6. Under what conditions are felted materials beneficial in sound-insulation? 
Under what conditions are they of little or no value? 

6. Mention uses of fibre board which contribute to sound-insulation. 

7. Select from the tables several types of fireproof wall construction having an 
average T.L. between 45 and 50 db. Which of these would be suitable for hotels 
and apartment houses? Which ones would you select if it were necessary to reduce 
the dead weight on the building to the lowest possible amount? 

CHAPTER XIH 

1. A theatre faces a street where the average noise level is 50 db at 128 cycles, 
65 db at 512 cycles, and 60 db at 2048 cycles. The wall of the theatre which faces 
the street has an area of 3100 sq. ft. and has transmission coefficients of 0.00012 at 
128 cycles, 0.000014 at 512 cycles, and 0.000010 at 2048 cycles. In addition, this 
wall contains two doors each having an area of 50 sq. ft. and transmission coefficients 
of 0.0040 at 128 cycles, 0.0015 at 512 cycles, and 0.00080 at 2048 cycles. The total 
absorption in the theatre is 3500 sabines at 128 cycles, 6000 sabines at 512 cycles, 
and 6500 sabines at 2048 cycles. Calculate the level of the street noise in this theatre 
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at the three mentioned frequencies. What would be the noise level in the theatre 
with the two doors completely opened? 

2 . A large office faces a street where the average noise level is 63 db. The noise 
which disturbs the employees in the office comes mainly through the windows which 
have a total area of 600 sq. ft. and an average transmission coefficient of 0.0020. 
The total absorption in the room is 800 sabines. Calculate the average noise level 
in the room (a) with all windows closed, and (6) with 100 sq. ft. of the windows open. 
Repeat these calculations with a total absorption of 4000 sabines in the room, which 
is the amount of absorption the room should contain. Compare the noise reduction 
which is obtained from the closing of the 100 sq. ft. of windows with the reduction 
which is obtained from the addition of 3200 sabines of absorption. 

3 . A room in a large office building has a volume of 10,000 cu. ft. and a total 
absorption of 500 sabines. There are 4 windows in the room each having an area 
of 30 sq. ft. and an average transmission coefficient of 0.0015. If the average noise 
level outside be 63 db, and if only the noise transmitted through the windows be 
considered, what will be the average noise level in the room (a) when all windows are 
tightly closed, (6) when 4 sq. ft. of the windows are open, (c) when 30 sq. ft. are open, 
and ( d) when 10 sq. ft. of the windows are replaced by a window muffler or unit 
ventilator having an average coefficient of transmission of 0.01? 

4. What would be the average noise level in the room in problem 3, under con¬ 
ditions (c) and (d), if the total absorption were (a) reduced to 80 sabines, (6) increased 
to 1000 sabines? 

5 . Two adjacent guest rooms in a hotel are connected by a door which has an 
area of 25 sq. ft. and an average coefficient of transmission of 0.005. The absorp¬ 
tion in each room is 100 sabines. Assuming that all the sound which is transmitted 
from one room to the other comes through this door, what is the noise-reduction 
factor between the two rooms? If the door be eliminated, and if the two rooms 
be separated by a wall having an area of 180 sq. ft. and an average transmission co¬ 
efficient of 0.000080, what will be the noise-reduction factor between the two 
rooms? 

6. Two rooms each having a total absorption of 100 sabines are separated by a 
wall having an area of 150 sq. ft. and an average coefficient of transmission of 0.000085. 
Average conversation in one of the rooms will have a sound level of about 70 db. 
What will be the level of the speech transmitted into the other room? If the sepa¬ 
rating wall contains a 3 ft. by 7 ft. door having a coefficient of 0.0020, what will be 
the level of the transmitted speech? 

7. If the street noise reaching the two rooms of problem 6 have a level of 30 db, 
is it probable that conversation will be heard through the wall separating the two 
rooms? 

8 . A small auditorium having a total absorption of 2000 sabines has 60 sq. ft. 
of ventilator openings. If the average level of the fan noise at the openings be 45 
db, what will be the average level of the fan noise in the auditorium? 

9. A church auditorium has an absorption of 4500 sabines. The walls and ceiling 
provide a high degree of sound-insulation against outside noise, but the* windows 
(400 sq. ft.) offer a possible source of noise transmission. Assuming that only the 
windows transmit noise into the church, what coefficient of transmission should the 
windows have in order that the noise-reduction factor will be 45 db? 

10 . Measurements of the noise issuing from the outlet of a ventilating'duct 
indicate that the average r.m.s. pressure at a frequency of 256 cycles is 10 bars. 
The opening has an area of 8 sq. ft. and the room contains 400 sabines of absorption. 
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What will be the average noise level in the room at the frequency of 256 cycles? 
What would the noise level be if there were four such outlets in the room? 

11 . A private office with several windows facing a noisy street has an adjoining 
waiting room with no outside windows. Persons in the waiting room can hear 
nearly everything that is spoken in the private office, while the occupants of the 
private office cannot hear even loud conversation in the waiting room. Explain. 

CHAPTER XIV 

1. Discuss different types of distortion in public address systems. 

2 . In close proximity to a speaker’s mouth the intensity of the speech diminishes 
almost with the inverse square of the distance from the mouth. If the speaker moves 
from a distance of 6 in. from the microphone to a distance of 5 ft., how much will the 
level of the amplified speech be affected? 

3 . Why is it necessary to keep the transmitter and loud speaker well separated? 
Why does the amplified voice of a speaker sound better when the speaker is close 
to the microphone than it does when he is an appreciable distance from it? 

4. Why are public address systems more satisfactory for speech than they are 
for music? 

6. The seats in an auditorium which are equipped with telephone sets for the hard 
of hearing should be located where the users will have a good view of the face of the 
speaker. They are then able to hear at least the vowels, and if they cannot “ hear ” 
• the consonants they can at least “ see ” them. Explain. 

CHAPTER XV 

1. Name the principal factors which affect the hearing of speech in auditoriums. 
Which of these factors are beyond the control of the architect or the acoustical en¬ 
gineer? 

2 . With the help of three or more assistants, conduct series of speech articulation 
tests in one or more auditoriums. Use the vowel and consonant word lists in Table 
XXXIII, and by means of Eq. (59) convert the results into percentage syllable articu¬ 
lation. Practice at least 1 hour before recording any data. If possible, conduct one 
series in an auditorium with reputedly good acoustics and another in an auditorium 
with reputedly poor acoustics. Have listeners stationed in at least three parts of 
the room — for example, in the front, central, and rear seats. 

3 . What other factors besides diminished loudness make the articulation poorer 
in the rear seats than it is in the front seats? Why is the articulation usually poorer 
under the balcony than it is in the balcony? 

CHAPTER XVI 

1. Make a number of sketches of conventionally shaped auditoriums which will 
be troubled with echoes. 

2 . Make a number of sketches of auditoriums which will be free from echoes and 
which also will provide beneficial reflections of sound to all auditors in the seated 
areas. 

3. Prepare a number of rear wall designs and treatments which will avoid pro¬ 
nounced reflection of sound back to the stage or the front rows of orchestra seats. 

4. Devise methods of ceiling treatment, which will be free from acoustical de¬ 
fects, for a room in which the ceiling is so high that reflections from a plane or con¬ 
cave ceiling would give rise to echoes or interfering reflections. 
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5. Devise a number of designs of proscenium arches articulating with splayed 
ceiling and side walls which will possess acoustical merit. 

6 . Make a sketch of a long section of an auditorium with balcony, showing (a) 
a carefully planned seating elevation for both the main floor and the balcony (based 
on Eq. 61), and (6) a properly designed recess under the balcony. 

7 . Show by a number of sketches the acoustical advantages of splayed or coved 
articulations between walls and ceilings. 

CHAPTER XVII 

1. Why do tones of very high pitch (for example, above 4000 cycles) interfere 
very little with the hearing of speech, whereas tones of low or medium pitch inter¬ 
fere very much? 

2 . Why does noise interfere with the hearing of consonants much more than it 
does with the hearing of vowels? 

3. Why does reverberation interfere with the hearing of final consonants more than 
it does with the hearing of initial consonants? 

4. A 1000-cycle sound generator emits acoustical energy at a rate of 100 micro¬ 
watts in a room which has a total absorption of 2000 sabines. Calculate (a) the 
average intensity, (b) the average root mean square pressure, and (c) the average 
sound level (in decibels) in the room. At what rate would this generator need to 
emit acoustical energy in order to maintain an average sound level of 65 db in the 
room? 

6. Discuss the power requirements of a sound generator (as a loud speaker) 
which will provide a speech level of 70 db in auditoriums seating between 5000 and 
20,000 persons. 

6. Compare the percentage speech articulation in small offices having reverbera¬ 
tion times (at 512 cycles) of 5.0 seconds, 2.0 seconds, 1.0 second, and 0.5 second, re¬ 
spectively. Compare the noise levels in these four rooms, assuming that the same 
amount of noise vibration reaches each room. 

7 . Why is there an optimal time of reverberation for the hearing of unamplified 
speech in a room? Why does this optimal time increase as the size of the room in¬ 
creases? What would be the optimal time (that is, the time which would give the 
highest possible articulation) if the power of the source could be increased so as to 
maintain an average speech level of 70 db? 

8. Why is it necessary to consider the reverberation throughout the entire pitch 
range rather than at a single frequency, as 512 cycles? Why is it usually sufficient 
to consider the reverberation at three frequencies, as 128, 512, and 2048 cycles? 

9. Why should the reverberation time at 128 cycles be approximately twice as 
long as that at 512 cycles? Why should the reverberation time increase slightly at 
very high frequencies, as above 2000 cycles? 

10 . Calculate the probable percentage articulation in the following rooms, as¬ 
suming k, = 1.0 and k n = 1.0: 


Room No. 

Volume 
cubic feet 

Reverberation Time 
(512 cycles) 
seconds 

Percentage 

Articulation 

1 

100,000 

1.5 


2 

200,000 

3.0 


3 

500,000 

1.4 


4 

1,000,000 

4.0 
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11. Calculate the probable percentage articulation in an auditorium which has a 
volume of 400,000 cu. ft. and a surface of 40,000 sq. ft. (average absorption coeffi¬ 
cient = 0.20), first with no audience present, second with an audience of 1000, and 
third with an audience of 2000. Assume that each person, as seated in the audience, 
adds 3.0 sabines of absorption to the room; and assume k s = 1.0 and /% = 0.95. 

12. Repeat the calculations in problem 11, assuming that the interior surface of 
the auditorium has an average absorption coefficient of 0.05 instead of 0.20, and that 
each person, as seated, adds 4.0 sabines instead of 3.0. 

13. From the data in Table XXXVII, make a detailed study of the nature of the 
errors of speech in reverberant rooms. 

CHAPTER XVm 

1. Enumerate conditions for good acoustics which apply both to speech rooms 
and music rooms. Discuss conditions which apply only, or essentially, to music 
rooms. 

2. Why is reverberation one of the most essential elements in the acoustical de¬ 
sign of music rooms? 

3. Why is excessive reverberation more readily tolerated in music rooms than it is 
in speech rooms? 

4. Why are different amounts of reverberation desirable for different kinds of 
music? What kind of music should have a relatively reverberant room, and what 
kind a non-reverberant room? 

6. What general principles should determine the size of a music room? 

6. What general principles should determine the shape and the arrangement of 
spaces in a music room? 

7. Why should reverberation be considered throughout the entire range of fre¬ 
quencies instead of for a single frequency only? Discuss the nature of the defects 
which arise (a) from too much reverberation in the low frequencies, and (b) from too 
much reverberation in the high frequencies. 

8. In what respects do the acoustical requirements for performers and listeners 
differ in a music room? 

9. Why is it poor design to attempt to obtain the optimal reverberation time in a 
rectangular music room by localizing all the absorptive material on the floor and in 
the ceiling? How should the absorptive material be distributed in a room to give 
the best acoustical effect? 

10. Why is it necessary to provide a high degree of sound-insulation for music 
rooms, especially in urban localities? 

11. Discuss the effects of fesonance in music rooms. To what extent is it bene¬ 
ficial; to what extent detrimental? 

CHAPTER XIX 

1. Describe a plan for making a noise survey on and near a proposed school site 
preliminary to the preparation of plans and specifications. Show how the informa¬ 
tion obtained from the noise survey can be used in working out the acoustical design 
for the school. 

2. In case it is necessary to design a school building for a site where the average 
level of street noise is as high as 65 db, what recommendations would you propose 
for providing adequate insulation against outside noise? 
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3. A school building is to contain an auditorium, an oral English room, a music 
room, and several recitation rooms, all on the same floor level. Prepare a rough 
sketch of a floor plan which will provide a high degree of sound-insulation between 
the first three mentioned rooms. 

4. Outline a general type of absorptive treatment for each of the rooms and the 
corridors for the school building of problem 3 so that the optimal condition of re¬ 
verberation will be closely approximated in all rooms. 

6. Prepare rough sketches of a plan and long section of a gymnasium which will 
have good acoustics and, also, hard wearing interior surfaces. 

6. Prepare rough sketches for a plan and long section of an auditorium, with a 
balcony, which is to be designed for good acoustics. Provide for an effective in¬ 
sulation of at least 40 db, and give special consideration to shape and reverberation. 

7. Outline the steps which should be taken to insure quiet operation of the heat¬ 
ing and ventilating equipment for a proposed school building. 

8. Make an acoustical survey of a school building, and prepare a report of your 
findings, setting forth practical recommendations for providing good acoustics 
throughout the building. 


CHAPTER XX 

1. Outline the general principles which should guide the acoustical design of a 
municipal auditorium. 

2. A municipal auditorium has a volume of 600,000 cu. ft. and an interior surface 
of 58,000 sq. ft. Specify the type and extent of absorptive treatment required to 
provide the optimal times of reverberation at 128, 512, and 2048 cycles. Assume an 
audience of 2000 persons of 2.5 sabines per person at 128 cycles, and 4.0 sabines per 
person at 512 and 2048 cycles. 

3. Prepare rough sketches of an acoustical study of a court room, showing (1) 
a suitable insulation against outside noise; (2) location of judge, jury, witness, 
attorneys, news reporters, and public; and (3) distribution of absorptive material. 

4 . Prepare rough sketches of an acoustical study of a council chamber. 

6. Outline the steps w T hich should be taken in working out the acoustical design 
of an office building. 

6. Describe practical methods of securing quiet in hospitals. Name a number of 
absorptive materials which are suitable for the interior walls and ceilings of hospitals. 

7. Compile data which reveal the economic value of providing quiet and good 
acoustical qualities in office and work rooms. 

CHAPTER XXI 

1. Prepare a rough sketch of a plan for a small Protestant church, giving acoustical 
consideration to the location of the organ, the console, the choir, and the pulpit. 

2. Discuss practical methods of coping with the problem of sound-insulation in 
the design of city churches. 

3. Prepare rough sketches of the plan and sections for a modem church audi¬ 
torium, giving acoustical consideration to the problems of the shape of the audi¬ 
torium and the distribution of absorptive and reflective materials for the treatment 
of the walls and ceiling. Indicate the extent and nature of absorptive treatment 
required to give the optimal condition of reverberation. 

4. It is required to install absorptive treatment in a Protestant church auditorium 
having a volume of 225,000 cu. ft. and an interior surface of 29,500 sq. ft. The 
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ceiling and walls are hard plaster, and the floor is file or concrete. Reverberation 
measurements in the empty auditorium reveal that the reverberation time is 11.5 
seconds at 128 cycles, 8.6 seconds at 512 cycles, and 5.5 seconds at 2048 cycles. 
Specify absorptive treatment for the auditorium that will provide the optimal con¬ 
dition of reverberation with an audience of 800 persons. 

5. A large church is to be built near a street where the average noise level is 62 db. 
It is required that the average noise level in the church be reduced to 20 db. The 
wall and ceiling construction will afford a high degree of insulation, so that the only 
means of noise transmission will be through the doors and windows. Show an 
arrangement of doors (in connection with a vestibule and a narthex) which effectively 
will eliminate transmission through the doors. The area of windows is 900 sq. ft., 
and the total absorption in the auditorium is 21,000 sabines. What coefficient of 
transmission is required of the windows? 

6. Study the absorptive materials in Tables XII to XIX and make a list of ma¬ 
terials which will be suitable for the interiors of churches. State reasons for your 
choice. 


CHAPTER XXII 

1. Name the requirements for good acoustics in an open-air theatre. 

2. What should be the approximate acoustical power output of a public address 
system which is to provide an adequate loudness of speech in a circular coliseum 
which has an average radius of 400 ft.? Assume that the loud speakers are all lo¬ 
cated at the centre of the coliseum, that the intensity falls off with the inverse square 
of the distance, and that the speech level at a distance of 400 ft. from the source is 
to be 70 db. 

3. Discuss the refraction of sound in the atmosphere owing to wind and change 
of temperature. How does wind interfere with the hearing of speech or music in 
the open? 

4. Suggest practical methods of excluding noise from open-air theatres. 

6. Prepare rough sketches for an open-air band stand which is to be located on 
level ground in a public park. 

6. Prepare a report on the acoustical properties of an open-air auditorium which 
is in or near your community. 


CHAPTER XXIII 

1. Discuss the acoustical difficulties which are likely to be encountered in large 
theatres. Why is it especially important that the volume of a legitimate theatre 
be kept as small as possible? 4 

2. Prepare rough sketches of a plan and long section of a legitimate theatre, giving 
special consideration to (1) the development of an acoustical shape; (2) the location 
of doors, foyer and corridors so that a high degree of sound-insulation will be pro¬ 
vided; and (3) the distribution of absorptive material so that the optimal condition 
of reverberation will prevail in all parts of the auditorium. 

3. Prepare rough sketches of stage sets which will be effective for reflecting sound 
to the audience. 

4. Why is complete insulation against noise more important for the legitimate 
theatre than it is for the cinema theatre? 

0. Discuss the acoustical problems involved in the design of a cinema theatre 
which would seat say 25 or 30 thousand. 



594 


PROBLEMS 


6. Prepare a report on the acoustics of a theatre in your community, and, if neces¬ 
sary, make recommendations for improving the acoustics. 

CHAPTER XXIV 

1. Discuss the general problem of the distribution of absorptive and reflective 
materials in music studios. 

2 . Prepare rough sketches of a number of adjacent music studios having an 
effective insulation from room to room of not less than 50 db. Indicate also the type 
of absorptive treatment required in each room. 

3 . Prepare rough sketches of a plan and long section of a small concert hall, 
showing (1) a type of design and construction that will provide an effective insulation 
of not less than 45 db; (2) an acoustical arrangement of spaces for organ, orchestra, 
chorus, soloists, and audience; (3) a distribution of absorptive materials which will 
provide a satisfactory condition of reverberation in all parts of the hall; and (4) 
a use of thin wood paneling which will add resonance to the hall. 

4 . Discuss the need of adjustable reverberation for music rooms, and devise a 
means for accomplishing such an adjustment in a music studio. 

5. Prepare a report on the acoustics of a music room in your community, and 
make recommendations, if necessary, for improving the acoustics of the room. 

CHAPTER XXV 

1. Discuss the insulation of guest rooms in a hotel, and mention a number of 
methods of securing an adequate amount of insulation between the rooms. 

2 . What can be done to minimize the noise coming from water pipes and bath¬ 
room fixtures? 

3 . Describe effective means for preventing the transmission of footfalls and other 
impact noises. 

4 . In the designing of a hotel, which rooms, besides guest rooms, should be studied 
from the standpoint of acoustics? Why should the corridors have carpeted floors, 
and why should the ceilings and walls of the corridors be finished with absorptive 
material? 

6. What can be done to absorb and minimize noise in kitchens, pantries, and 
breakfast rooms? 

6. Prepare sketches of a living room or a music room, showing an acoustically 
correct arrangement of piano, radio, and other furniture. 


CHAPTER XXVI 

1. Why is it necessary to have less reverberation in sound recording and broad¬ 
casting studios than it is in ordinary speech and music rooms? 

2 . Why should provision be made for adjustable reverberation in recording or 
broadcasting studios? 

3 . Why is it necessary to have a high degree of sound-insulation for recording or 
broadcasting studios? 

4 . Is it good design to localize all the absorptive material on the floor and in the 
ceiling of a studio? Why? How should the absorptive material be distributed? 

0. Why is it necessary that recording and broadcasting studios be free from me¬ 
chanical vibrations? 



APPENDIX I 

DEFINITIONS OF TERMS USED IN ACOUSTICS 1 

General Definitions 

1001 Sound — (a) Sound is a wave motion in an elastic material medium. 

(b) Sound is also the sensation produced through the ear by a wave 
motion as defined above. 

1002 Cycle (^) — One complete set of the recurrent values of a periodic phenome¬ 

non is called a cycle. 

Note: The term “ cycle ” is often used as an abbreviation of u cycles per second.*' 

1003 Period ( T) — The time required for one complete cycle of a periodic quantity 

is the period. The unit is the second. 

1004 Frequency (f ) — The number of cycles occurring per unit of time, or which 

would occur per unit of time if all subsequent cycles were identical with the 
cycle under consideration, is called the frequency. The frequency is also 
the inverse of the period. The unit is the cycle per second, or merely the 
“ cycle ” (see 1002). 

1005 Frequency Level (f L ) — The frequency level of a sound is defined as the loga¬ 

rithm to the base 2 of the frequency 

Sl = log if. 

The unit is the octave. 

1006 Phase (<f>) — Phase is the fraction of the whole period which has elapsed, 

measured from some fixed origin. 

1007 Wave Length (X) — The wave length of any progressive ivave is the least dis¬ 

tance, measured along the path of progression, between two points differing 
in phase by one period. 

1008 Diffuse Sound — Sound is said to be in a diffuse state when in the region con¬ 

sidered the energy density, averaged over regions large compared to the wave 
length, is uniform; and when all directions of energy flux at all parts of the 
region are equally probable. 

1009 Bel — The bel is defined by the relation N = logi 0 Pi/P<>, where N is the num¬ 

ber of bels by which the power Pi exceeds the power P 0 . The decibel (db), 
equal to one-tenth of a bel, is very commonly used. 

1010 Bar — A bar is a pressure of 1 dyne per square centimeter. 

1011 Static Pressure (P 0 ) — The static pressure is the pressure that would exist in 

the medium with no sound waves present. The unit is the bar. 

1012 Instantaneous Sound Pressure (Pi) — The instantaneous sound pressure at a 

point is the total instantaneous pressure at the point minus the static pres¬ 
sure. The unit is the bar. 

1 Selected from the Report of the Committee on Acoustical Standardization of the 
Acoustical Society of America, Jour. Acous. Soc., 2, 311 (1931). 
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1013 Sound Pressure (P) — The sound pressure is the root mean square value of 

the instantaneous sound pressure over a complete cycle. The unit is the 
bar. 

1014 Maximum Sound Pressure (Pmax) —* The maximum sound pressure for any 

given cycle is the maximum absolute value of the instantaneous sound pres¬ 
sure during that cycle. The unit is the bar. 

1015 Peak Sound Pressure ( Pp ) — The peak sound pressure for any specified inter¬ 

val is the maximum absolute value of the instantaneous sound pressure over 
that interval. The unit is the bar. 

1016 Sound Energy Flux ( J) — Sound energy flux is the average over one period of 

the rate of flow of sound energy perpendicularly through any specified area. 
The unit is the erg per second. 


Note: In a gas of density p, for a free progressive wave of velocity C, the sound 
energy flux perpendicularly through the area a (square centimeters) corresponding 
to a sound pressure P is 


J = 


P 2 a 

pC 


ergs per second 


which for air under average conditions becomes 


J = 


P 2 a 

41 


ergs per second. 


1017 Sound Energy Density (P) — Sound energy density is the sound energy per 

unit volume. The unit is the erg per cubic centimeter. 

1018 Sound Intensity (/) — The intensity of a sound is defined in terms of the sound 

pressure P, the wave velocity C, and the density of the medium p, by the 
relation 



This is equal to the sound energy flux per unit area for a free progressive wave 
having the same values for P and C in the same medium of density p. The 
unit is the erg per second per square centimeter. 

1019 Intensity Level — The intensity level of a sound is defined as the logarithm 

to the base 10 of the intensity. The unit is the bel. 

Note: In air under average conditions the intensity level of a sound is given by 
I.L. = —1.6 4- 2 logioP, where P is the sound pressure. 

1020 Interference — Interference is the destructive or reenforcing action of two or 
. more waves arriving at the same position simultaneously. 

1021 Diffraction — Diffraction is the change in direction of propagation of the 

sound, due to the passage of the wave around the edge of an obstacle. 

1022 Refraction — Refraction is the change in direction of propagation of a sound 

wave due to changes in speed of the wave in different parts of the path. 
The speed must be relative to some fixed reference system. 

1023 Regular Reflection — Regular reflection of a sound is a reflection which gives 

rise to an image of the source of sound. 

1024 Diffuse Reflection — Diffuse reflection is reflection from many surfaces not in 

the same plane, so that no single image of the sound source can be formed. 

1025 Beats — Beats are the periodic variations of the sound intensity at a point 

due to the interference of two souqd waves of different frequencies. 
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1026 Stationary Waves — Stationary waves result from the interference of two or 

more wave trains of the same frequencies, and are characterized by the exist¬ 
ence of the medium of certain points (lines, or surfaces) at which the ampli¬ 
tude of vibration is zero, and by a zero average sound energy flux at all points. 

1027 Semi-stationary Waves — Semi-stationary waves result from the interference 

of two or more wave trains of the same frequencies, and are characterized by 
the existence in the medium of certain points (lines, or surfaces) having a 
minimum amplitude of vibration. 

1028 Nodes — Nodes are the points, lines, or surfaces of a stationary wave system 

which have a zero amplitude. 

Note: It is thus possible to have different types of nodes, such as pressure nodes 
or velocity nodes, and hence the type must be specified. 

1029 Partial Nodes — Partial nodes are the points, lines, or surfaces of a semi¬ 

stationary wave system which have a minimum amplitude of vibration. 

1030 Antinodes — Antinodes are the points, lines, or surfaces of a stationary wave 

system which have a maximum amplitude. 

1031 Echo — The sound received after reflection and arriving sufficiently later than 

the initial sound impulse to be definitely distinguished from it is called an 
echo. 

1032 Multiple Echo — A succession of separately distinguishable echoes from a single 

source is called a multiple echo. 

1033 Harmonic Echo — If in the reflection of a complex tone the higher-frequency 

components predominate in the echo it is called a harmonic echo. 

1034 Flutter Echo — A flutter echo is the conversion of a single pulse into a periodic 

succession of reflected pulses. If the frequency of the flutter echo is in the 
audible range it is called a musical echo. 

1035 Unpitched Sound — An unpitched sound is any sound to which no definite 

pitch can be assigned, or an irregular succession of sound waves. 

1036 Noise — Noise is any undesired sound. 

1037 Background Noise — Any noise accompanying the artificial reproduction of 

music or speech is called background noise. Background noise may result 
from needle scratch in playing phonograph records, amplifier noises, line 
noises, transmitter noises, etc. 

Architectural Acoustics 

2001 Acoustic Reflectivity —,The acoustic reflectivity of a surface, not a generator, 

is the ratio of the rate of flow of sound energy reflected from the surface, 
on the side of incidence, to the incident rate of flow. Unless otherwise 
stated, the incident flow is assumed to be diffuse. Also, unless otherwise 
specified, the values given apply to a portion of an infinite surface thus elimi¬ 
nating edge effects. 

2002 Acoustic Absorptivity — The acoustic absorptivity of a surface is equal to 1 

minus the reflectivity of that surface. 

2003 Total Absorption — The total absorption of an object is the ratio of the sound 

energy absorbed by the object to the energy absorbed per unit area (exclu¬ 
sive of edge effects) of a surface of unit absorptivity placed in the same 
diffused sound field. The unit is the sabine provided the unit area is the 
square foot. 
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2004 Acoustic Transmittivity — The acoustic transmittivity of an interface or sep¬ 

tum is the ratio of the rate of flow of transmitted sound energy to the rate 
of the incident flow. 

2005 Reverberation — Reverberation is the persistence of sound in an enclosure 

due to repeated reflections after the source has been cut off. 

2007 Reverberation Time — The reverberation time for a given frequency for an 
enclosure is the time required for the average energy density, initially in a 
steady state, to decrease along any simple or complicated decay curve to one 
millionth of its value when the source was cut off. The unit is the second. 

Hearing 

3001 Pitch (p) — Pitch is that subjective quality of a sound which determines its 

position in the musical scale. Pitch may be measured as the frequency of 
that pure tone having a sound pressure of 1 bar which seems to the average 
normal ear to occupy the same position in the musical scale. The unit is 
the cycle per second or the octave. 

3002 Lower Frequency Limit of Audibility (Jl) — The minimum frequency, for a 

sinusoidal sound wave, that will produce a sensation of tone, is the lower 
frequency limit of audibility. 

3003 Upper Frequency Limit of Audibility ( f m ) — The maximum frequency, for a 

sinusoidal sound wave, that will produce a sensation of tone, is the upper 
frequency of audibility. 

3004 Threshold of Audibility — The minimum value of the sound pressure of a sinu¬ 

soidal wave of a specified frequency which gives the ear a sensation of tone 
in a silent place is called the threshold of audibility for that frequency and 
for that particular ear. This term is often used to denote the minimum 
value of the sound pressure of any specified complex wave (such as speech or 
music) which gives the ear a sensation of sound in a silent place. It is ex¬ 
pressed in bars. 

Note: The threshold of audibility is also expressed in terms of the sound intensity 
in ergs per second per square centimeter, or in terms of the intensity level in decibels 
corresponding to the above intensity. 

3005 Normal Threshold of Audibility — The normal threshold of audibility is the 

average of the threshold intensity levels of a large number of normal ears. 
The result is often expressed in bars. 

Note: The term may be shortened to “ Normal Threshold ” when no danger of 
confusing it with the normal threshold of feeling exists. 

3006 Threshold of Feeling — The threshold of feeling is the minimum sound pres¬ 

sure which at a given frequency will stimulate the ear to a point at which 
there is the sensation of feeling. It is expressed in bars. 

3007 Normal Threshold of Feeling — The normal threshold of feeling is the average 

of the threshold intensity levels of a large number of normal ears. The result 
is often expressed in bars. 

3008 Sensation Level — The sensation level of a sound is the difference between 

the intensity level of the sound and the intensity level at the threshold of 
audibility. It is expressed in decibels. [Author’s note: This is equivalent 
to the term sound level as defined and used in this book. See Sec. 37.] 
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3009 Deafness — The deafness of an ear at a frequency is the difference between the 

threshold level of audibility for that ear and the normal threshold level, at 
the same frequency. It is expressed in decibels. 

3010 Per Cent Deafness — The per cent deafness at any given frequency is 100 times 

the ratio of the deafness in decibels to the number of decibels between the 
normal threshold levels of audibility and feeling at that frequency. 

3015 Loudness — The loudness is that subjective quality of a sound which deter¬ 

mines the magnitude of the sensation produced by that sound for the aver¬ 
age normal ear. Loudness is usually measured as the intensity level of the 
1000-cycle pure tone which gives the same magnitude of sensation for the 
average normal ear. 

3016 Masking Effect of a Sound — The masking effect (at any given frequency) of 

a sound is the shift of the threshold of audibility at that frequency due to the 
presence of this masking sound. The unit is the decibel. 

3017 Auditory Sensation Area — The auditory sensation area is the area on the fre¬ 

quency pressure diagrams enclosed by the curve defining the threshold of 
feeling and the threshold of audibility. 

3019 Noise Audiogram — A noise audiogram is a graphical record of the masking 

effect, due to a given noise, as a function of frequency of the masked tone. 

3020 Loudness Contours — Loudness contours are graphs of intensity level plotted 

against frequency level for sinusoidal sound waves of equal loudness. 

3021 Instantaneous Speech Power — The instantaneous speech power is the rate 

at which sound energy is being radiated by the speaker at any given instant. 
It is measured in ergs per second. 

3022 Average Speech Power — The average speech power for any given period is 

the average value of the instantaneous speech power, over that period. It 
is measured in ergs per second. 

3023 Mean Speech Power — The mean speech power is the value of the average 

speech power when taken for a period of 1/100 second. It is measured in 
ergs per second. 

3024 Phonetic Speech Power — The phonetic speech power is the maximum value 

of the mean speech power of a vowel or consonant sound. It is measured in 
ergs per second. 

3025 Peak Speech Power — The peak speech power is the maximum value of the 

instantaneous speech power over the time interval considered. It is meas¬ 
ured in ergs per second. 

3027 Discrete Word Intelligibility — The discrete word intelligibility is the percent¬ 

age of the total number of spoken words which are correctly understood, 
when the words are selected at random, but in relation to their normal fre¬ 
quency of use. 

3028 Syllable Articulation — The syllable articulation is the percentage of the total 

number of spoken syllables which are correctly recognized, for syllables of 
the consonant-vowel-consonant type and without meaning. 

3030 Vowel, Consonant, Initial Consonant, or Final Consonant Articulation — The 
vowel, consonant, initial consonant, or final consonant articulation is the 
percentage of the total number of spoken vowels, consonants, initial conso¬ 
nants, or final consonants, respectively, that are correctly recognized, when 
the sounds are spoken in syllables of the consonant-vowel-consonant type 
and without meaning. 
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Music 

4001 Tone — A tone is a musical sound giving a definite pitch sensation. 

4002 Pure Tone — A pure tone is a tone produced by an instantaneous sound pres¬ 

sure which is a simple sinusoidal function of the time. 

4003 Interval — The interval between two tones is the numerical difference of the 

frequency levels of the two tones. The unit is the octave, or its submultiple 
the millioctave. 

Note 1: The interval between two tones can also be expressed as the ratio of the 
higher frequency to the lower. 

Note 2: Interval = (log 2/2 — log 2 /i) 1000 millioctaves 
= 3,320 (logio /2 — logio/i) millioctaves. 

4004 Note — A note is a character designed to represent to the eye the relative 

duration of a tone and, by its position on the staff, the relative pitch of that 
tone. 

4005 Octave — An octave is the interval between two frequencies having a ratio 

of 2 : 1. One octave is equal to 1000 millioctaves. 

4006 Chord — A chord is a combination of several tones sounded together whose 

frequencies are in the ratios of small whole numbers. 

Note: In the case of the tempered scale these relations are only approximate. 

4007 Diad — A diad is a combination of two tones sounded simultaneously whose 

frequencies are related as the ratio of small whole numbers. 

4008 Tetrad — A chord of four tones is called a tetrad. 

4009 Major Triad — A major triad is a chord of three tones whose frequencies are 

as 4 : 5 : 6. 

Note: The use of the term major triad has also been extended to include any case 
of a fundamental tone sounded together with its major third and perfect fifth. On 
any but the natural scale the frequencies of these tones do not bear the simple ratios 
given above. 

4010 Minor Triad — A minor triad is a chord of three tones whose frequencies are as 

10 : 12 : 15. 

Note: The use of the term has been extended to include any case of a fundamental 
tone sounded together with its minor third and perfect fifth. On any but the natural 
scale, the frequencies of these tones do not bear the simple ratios given above. 

4011 Diminished Triad — A diminished triad is a chord of three tones whose fre- 
' quencies are as 25 :30 : 36. 

Note: In a more general sense a diminished triad consists of a fundamental tone 
sounded together with its minor third and its minor fifth. 

4012 Augmented Triad An augmented triad is a chord of three tones whose fre¬ 

quencies are as 16 ; 20 : 25. 

Note: In a more general sense an augmented triad consists of a fundamental tone 
sounded together with its major third and its augmented fifth. 

4013 Musical Scale — A musical scale is a series of tones ascending or descending 

in frequency by definite intervals. 



APPENDIX I 601 

4014 Natural Scale — The natural scale is a musical scale in which the intervals can 

be expressed by the ratios of small numbers. (See 4003, Note 1 .) 

4015 Equally Tempered Scale — An equally tempered scale is a musical scale in 

which all the intervals are made equal. 

Note: In the equally tempered scale ordinarily used, the intervals are all equal to 
83.3 millioctaves, or expressed as a ratio they are 2 ^ 2 . 

4016 Major Diatonic Scale — The major diatonic scale is a musical scale containing 

seven intervals to the octave and based upon the intervals of the major triad. 

Note: This relationship can be represented as follows: 


CDEFGABC'D' 
4-5- 6 

4- 5 -6 

1- 2 

4 - -5- 6 

1- 2 


4017 Chromatic Scale — The chromatic scale is a musical scale containing twelve 

intervals to the octave and obtained from the diatonic scale by the addition 
of five half-step intervals placed so as to make the resultant scale have ap¬ 
proximately equal intervals. 

4018 Harmonic — A harmonic is a component of a periodic quantity having a fre¬ 

quency which is an integral multiple of the fundamental frequency. For 
example, a component the frequency of which is twice the fundamental fre¬ 
quency is called the second harmonic. 

4019 Overtone (Partial) — An overtone is a component of a tone having a frequency 

which may or may not be an integral multiple of the frequency of the funda¬ 
mental. For example, the frequency of the first overtone of a certain type 
of vibrating reed is 6.27 times the fundamental frequency of the tone. 

4020 Tone Quality — The tone quality is that subjective character of the sound 

sensation which depends primarily upon the number of overtones and upon 
the relative magnitudes, frequencies, and durations of the fundamental and 
the overtones. 

Sound Transmission 

5001 Acoustic Impedance — The acoustic impedance of a sound medium on a given 
surface is the complex quotient of the pressure (force per unit area) on that 
surface by the flux (volume velocity, or linear velocity multiplied by the 
area) through that surface. The acoustic impedance may be expressed in 
terms of mechanical impedance, acoustic impedance being equal to mechan¬ 
ical impedance divided by the square of the area of the surface considered. 
The unit is the acoustic ohm. 

5008 Resonance (Velocity Resonance) — Resonance exists between a body, or sys¬ 
tem, and an applied sinusoidal force when any small change in the frequency 
of the applied force causes a decrease in velocity at the driving point; or 
when the frequency of the applied force is such that the absolute value of 
the driving-point impedance is a mini mum. 
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Note: In the case of a single resonant system consisting of a mass reactance, a stiff- 
ness reactance, and a resistance in series, the frequency of resonance as defined above 
is also the frequency at which the mass and the stiffness reactances are numerically 
equal, and hence the frequency at which the applied sinusoidal force and the resulting 
sinusoidal velocity are in phase. 

6009 Resonant Frequency — A frequency at which resonance exists. The unit is 
the cycle per second. 

6014 Forced Vibration — A forced vibration is any vibration which is imposed upon 
a system by external force and whose frequency is controlled thereby. It 
is opposed to the term “ free vibration.” 

5016 Free Vibration — A free vibration is any vibration in which no external forces 
are applied to the system. It is opposed to the term “ forced vibration.” 

6016 Natural Frequency (/ 0 ) — The natural frequency of any system is the frequency 

at which its vibrating element will vibrate after the external force displacing 
it from its normal position has ceased to act. The unit is the cycle per 
second. 

6017 Natural Period — The natural period is the reciprocal of the natural frequency! 

The unit is the second per cycle. 
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A DISCUSSION OF THE TRUE COEFFICIENT OF SOUND- 
ABSORPTION —A DERIVATION OF THE REVERBERATION 

FORMULA 

By R. F. Nobbis 

«' In going over some experimental results which persisted in showing the sound- 
absorption value of certain materials as more than 100 per cent it seemed advisable 
to start with the standard assumptions adopted by Wallace C. Sabine and to check 
through to determine the maximum value of his absorption coefficient (a). If it 
should be possible to show that this coefficient could reach values greater than unity 
the experimental results would be justified. A certain amount of doubt was cast on 
the validity of Sabine’s coefficient since his reverberation formula 0.05 V/as = t did 
not fit the facts at both limits. If a becomes 0 then t becomes infinite as it should, 
but if a becomes unity t does not become 0 as it should. For this reason it appeared 
that the equation did not correctly express the relation between volume, surface, 
absorption, and period of reverberation. 

41 Let the following assumptions be made: 

the average sound intensity in a room at any moment, 
the maximum average sound intensity in a room when the source has just 
ceased. 

the period of reverberation. 

mean free path (Jaeger). 

volume of room in cubic feet, 
surface of room in square feet. 

time sound takes to travel the mean free path in seconds, 
total time expressed in units of tf. 
true coefficient of absorption, 
velocity of sound in air. 

44 Ass uming the sound source to have just stopped and that the sound is decaying 
in the room, E and t may be tabulated as follows: 

t E 


0 

E' 


a 

E'( 1 - a) 



E'(l - a)* 


Si' 

tf'(l - «)• 


i)f 

B'( 1 - a)*" - ” 


nf 

- «)• 
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44 The value of E at any moment may be written as: 

E = E'{ 1 + «)<'. (1) 


Since V is the time it takes sound to travel the mean free path it may be expressed 
as the mean free path divided by the speed of sound, or 




4F 1 4V 


Substituting this value of V in Eq. (1) 


tSv 

E = E'( 1 - «) 4 V . 


Now let (1 — a) = e* from which x = loge (1 — a). 
Eq. (2) now becomes 

xtSv 

E = E'eW . 


Or substituting log« (1 — a) for x 

E = 


E'e 


log e 


4V , 


Eq. (4) is the equation for the decay of sound. 

“ Compare (4) with the equation developed by Sabine, 

—avSt 

E = E'e 4V t 




(3) 

(4) 


and it is evident that Sabine’s coefficient (a) has been replaced by —log* (1 — a); 
otherwise the equations are identical. From this it is evident that Sabine’s coeffi¬ 
cient (a) is related to the true absorption (a) by the equation a — —loge (1 — a). 



.1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 

Q 


44 Substituting this value for a in Sabine’s reverberation formula it becomes 

, _ 0.05 V 

tp ~ -loge (1 - a)S' 

44 This expression fits at both limits, for when a becomes 0, tp becomes infinite; and 
when a becomes unity, tp becomes 0, as it patently should. 
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“ In the accompanying curve Sabine’s (a) has been plotted against the corresponding 
values of a in order to allow the true values of absorption to be read off from the 
Sabine coefficient. 

“Sabine in assuming that a = unity for a perfect absorber has actually assumed a 
value of approximately 63 per cent as perfect absorption. From the curve it is evi¬ 
dent that values of (a) may be obtained which range between 0 and a, whereas the 
true absorption a will vary only between 0 and unity." 
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This table gives the values of a for different values of -log* (1 - a). 


-log, (1 - «) 

a 

-log, (1 - a) 

a 

0.010 

0.010 

0.260 

0.229 

.020 

.020 

.270 

.237 

.030 

.030 

.280 

.244 

.040 

.039 

.290 

.252 

.050 

.049 

.300 

.259 

.060 

.058 

.310 

.267 

.070 

.068 

.320 

.274 

.080 

.077 

.330 

.281 

.090 

.086 

.340 

.288 

.100 

.095 

.350 

.295 

.110 

.104 

.360 

| 

.120 

.113 

.370 

.309 

.130 

.122 

.380 

.316 

.140 

.131 

.390 

.323 

.150 

.139 

.400 

.330 

.160 

.148 

.410 

.336 

.170 

.156 

.420 

.343 

.180 

.165 

.430 

.349 

.190 

.173 

.440 

.356 


.181 

.450 

.362 

.210 

.189 

.460 

.369 

.220 

.197 

.470 

.375 

.230 

.205 

.480 

.381 

.240 

.213 

.490 

.387 

.250 

.221 

.500 

.393 
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Approximate values of loudness reduction factor ty for rooms of different vol¬ 
ume having times of reverberation (at 512 cycles) between 0.5 and 8.0 seconds. 


Time of 
Reverberation 
in Seconds 

Volume of Room in Cubic Feet 

12.500 

25.000 

50,000 

100.000 

200,000 

. 

400,000 

800,000 

1,600,000 

0 50 

0 96 

0 94 

0 92 

0 90 

0 88 

0 85 

0 81 

0 76 

0.75 

.97 

.95 

93 

.91 

.89 

87 

.84 

.80 

1 00 

.97 

96 

94 

.92 

.90 

.88 

.86 

.82 

1 25 

.97 

96 

.95 

.93 

.91 

.89 

87 

.83 

1 50 

.98 

.96 

.95 

.94 

.92 

.90 

.88 

84 

2 00 

98 

.97 

.96 

.95 

.93 

.91 

89 

.36 

3 00 

.98 

.97 

97 

.96 

94 

.92 

91 

.88 

4 00 

98 

.98 

.97 

96 

95 

94 

.92 

89 

6 00 

.99 

.98 

98 

97 

96 

95 

93 

91 

8 00 

99 

.99 

98 

97 

96 

95 

94 

.92 


607 






















INDEX 


A 

Absorption of sound, 151 
by flexible materials, 154 
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effect of holes in porous materials, 155 
effect of size of pores, 154 
in air, 130 
in a room, 127 
measurement of, 157 
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Acoustical treatment, value of 
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nineteenth century, 6 
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Albert Hall, London, 540 
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utility and beauty, 4 
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with monosyllabic words, 347 
with standard articulation lists, 345 
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effects of 
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temperature gradient, 493 
wind, 491 
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evolution of, 4 
first enclosed forms, 5 
Greek and Roman, 4 
Auditory masking, 86 
curves of, 87 
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Baker, Sir Herbert, 359 
Bank buildings, 446 
Bass drum, 109 
Bass viol, 110 
Beats, 44 

Beehive School, Warrensville, 437 
Beethoven Saal, Berlin, 548 
Biktsy, G. v., 408 
Bel, defined, 80 
Boston Music Hall, 6 
control of reverberation in, 6 
Boetwick , L. G., 529 
Bourgin, D. G., 130 
Buckingham, E., 286, 294 


C 

Calfas , P., 540 

Chrisler and Snyder , 169, 175, 187, 289 
Church buildings, 462 

B’Nai B’Rith Temple, Los Angeles, 
478 

cathedrals, 484 
city churches, 468 
country churches, 463 
general considerations, 462 
Our Lady of Sorrows, South Orange, 
475 

Rodeph Sholom Synagogue, Phila¬ 
delphia, 484 
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Angeles, 473 
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village churches, 466 
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with “Auditec” panels, 531 
Wrigley Theatre, Catalina Island, 525 
Clarinet, 108, 111 
Coefficients of sound-absorption 
acoustical felts, 206 
acoustical plasters, 198 
acoustical tiles, 202 
audience, 223 
average results, 187 
chairs, 223 


Coefficients of combinations of acoustical 
materials, 221 
dependence on thickness 
acoustical plaster, 192 
hair felt, 188 
effects of 

“packing” felted materials, 194 
painting acoustical plasters, 194 
painting fibre boards, 195 
stippling acoustical plaster, 192 
fibre and wall boards, 212 
floor coverings, 216 
granulated materials, 206 
hangings, 216 
hard plasters, 219 
masonry, 219 

miscellaneous materials, 216 
motion picture set materials, 215 
persons, 223 

spacing and pattern effects, 195 
standard building materials, 219 
wood, 219 
wools, 206 

Coefficients of sound-transmission, 304 
(see also Insulation) 

Cologne Cathedral, reverberation in, 40 
Combination of sound waves, 41 
beats, 44 

harmonic components, 45 
in a room, 44 

interference and reenforcement, dem¬ 
onstration of, 43 

two or more of same frequency, 41 
Concert halls 
acoustical study of, 550 
reverberation times in, 549 
Condenser microphone, 23 
Convention Hall, Atlantic City, 441 
Cook, H. L., 357 

Court room in Cook County Court* 
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